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ABSTRACT
This thesis re-examines in a comprehensive way the concept of deep drillholes for final
disposal of nuclear high-level waste. Earlier studies of the deep drillhole concept were
reviewed, focusing on how improvements in technology might make this approach more
attractive.
The scope of the present reevaluation included (1) a brief investigation of some features of
candidate rock types for geological disposal; (2) an assessment of drilling techniques,
including conventional oil-well drilling and advanced thermal spallation methods; (3) a
preliminary but conservative heat transfer analysis; (4) an assessment of suitability with
respect to radionuclide release; (5) a brief discussion of well logging technology; (6) a
description of a conceptual deep drillhole system and investigation of some'alter natives; and(7) a simple and preliminary waste disposal cost analysis. All the assessments were
compared with baseline data for a mined repository system, namely the Yucca Mountain
site.
The main findings are that (1) granite is the best host rock for the deep drillhole system; (2)
both oil-well drilling and thermal spallation drilling methods can be used to drill deep
boreholes for disposal, with preference given to the thermal spallation method for hot dry
rock drilling; (3) the overall thermal performance was found to be as good as or better than
that projected for the Yucca Mountain site; (4) the deep drillhole concept can match or
exceed mined repository performance criteria for radionuclide release; (5) well logging can
provide useful geophysical and geochemical parameters for site qualification; (6) the overall
system cost is comparable to that for the Yucca Mountain site, and the borehole cost is not adominant factor in concept selection; (7) the concept of using SiC or other solid particles as
a fill material in the waste canister appears to be an acceptable means to add to the crush
resistance of the canister, and (8) the uncertainty of the efficacy of current technology for
post-emplacement retrieval operations, and the uncertain impact of accidents involving
stuck canisters during emplacement/retrieval are found to be the major drawbacks of the
deep drillhole concept.
The main recommendations for future work are: (1) more explicit concept-specific safety
criteria/limits for design and analysis should be established; (2) the issues of retrievability
and borehole stability, radionuclide release and escape scenarios should be investigated
more comprehensively; (3) concept performance and cost optimization should be carried
out with particular focus on the potential benefits of fuel assembly consolidation and
exploitation of the inherently modular, incremental, dispersible nature of the concept.
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Chapter 1 Introduction
1.1 Foreword
The problems associated with deployment of high-level nuclear waste disposal
facilities have become an urgent and critical issue of concern due to the radiotoxicity and
potential risk to current and future generations of this material, the shortage of at-reactor
storage capacity, the abandonment of plans for a Monitored Retrievable Storage (MRS)
facility and other centralized interim storage facilities, as well as the dispute over, and
possible delay of the opening of, the Yucca Mountain Tuff site in Nevada, despite its
designation by Congress as the first (and at this moment the only) geologic repository for
the disposal of U.S. high-level wastes. A principal underlying impediment is the general
public's distrust of the nation's capability for disposing of its highly radioactive wastes.
In general, the concept of geological disposal -the approach of choice worldwide-,
requires the excavation of a void in the rock to provide access and room for waste
emplacement. Provision may also be necessary to provide adequate ventilation and
safety for personnel who may have to work in the repository. Backfilling and sealing the
repository must be taken into account in the engineering design, as well. Although the
concept of mined tunnel systems, with waste emplacement in boreholes or in the tunnels
themselves, is now the most widely favored repository concept, the alternative approach
of "deep drillhole" emplacement [C-1, E-1, P-1, R-1, R-3, W-1] has been investigated in
several countries. The use of deep drillholes has many features in common with a mined
geological repository. It involves emplacement of the wastes within the earth's crust
where geological factors are primarily responsible for preventing unacceptable releases of
radioactivity to the biosphere. The uniqueness of the deep drillhole concept lies in that
waste packages are emplaced from the surface directly into deep boreholes. Borehole
depths ranging from 0.5 to 6.0 km have been considered. Table 1-1 summarizes a list of
projected advantages and disadvantages of the deep drillhole approach. A growing
appreciation of the value of some of these attributes in the area of public acceptance, as
well as technological advances which help diminish the negative features, have motivated
the present re-evaluation.
Table 1-1 Projected Advantages and Disadvantages of the Deep Drillhole Approach
Advantages Disadvantages
Enhanced security of the geological Uncertainty of the assured
barrier implementation of current technology
for retrieval operations
Less possibility of radionuclide Need for detailed studies of
migration in groundwater and returning radionuclide release mechanisms and
to the biosphere effects
Less pronounced stresses and Impact of accidents involving stuck
fracturing in the surrounding rocks canisters during emplacement/retrieval
Easy and quick evaluation of a single
drillhole
Easy to seal a drillhole
Conceptually simpler and more easily
understood and accepted by the general
public
More equitable burden and
responsibility can be shared
Potentially comparable costs with
mined geological repository
C__ii ~ __~_ ~I
1.2 Overview
This section provides an overview of deep drillhole concept evaluations carried
out in the United States of America, Denmark, Italy, and Australia, most of which were
carried out before the mid 1980's.
1.2.1 United States of America [P-1, W-1]
A study of the deep drillhole (DH) concept was done by Battelle Memorial
Institute [W-1]. The report, released in 1983, defined a reference DH system, evaluated
the feasibility of that system, estimated costs relative to a mined geological repository,
and outlined areas for further research and development.
The basic DH concept requires a series of deep boreholes drilled into a stable rock
formation. Canisters of radioactive wastes would be lowered into these holes, which
would then be backfilled and plugged. The minimum depth for a DH is dictated by site-
specific geohydrological conditions such as water residence time, recharge rate, head
differential, path length and path orientation, and local fluid and rock chemistry including
radionuclide solubility and retardation factors. The depth must be sufficient to restrict the
transport of radionuclides to the biosphere during the first 10,000 years with no
significant decreases in isolation at greater times. In relatively unfractured granite, depths
of a few thousand meters may be sufficient, while in sedimentary formations deep
boreholes might be required to extend to depths of 10 km or more. Maximum borehole
depth is dictated by drilling technology and assessment tools. At progressively lower
depths greater mechanical strength is required to maintain a hole of a given diameter.
Temperature also becomes a factor as drilling muds, cements, elastometers and other
instrumentation begin to lose their effectiveness above 200-2500 C; tubular materials may
also lose strength at these high temperatures.
The reference DH system in [W-1] consists of 129 boreholes for spent fuel or 38
holes for vitrified reprocessed wastes. Each hole is 50 cm in diameter and 6 km in depth
and holds 850 canisters for either category of the wastes. The waste canisters are
emplaced in boreholes at depths between 3 and 6 km. These boreholes are drilled on a
grid at a surface separation of 800 m. This separation and allowance for a maximum
deviation of 30 from the vertical ensure that the bottoms of the boreholes are spaced at
least 170 m apart.
Simple stainless steel canisters could house either vitrified reprocessed wastes or
conditioned spent fuel. Spent fuel canisters must have solid interiors to withstand the
enormous pressures at depth. These canisters would be lowered on drill pipe into the
borehole, whose stability is maintained by drilling muds.
After the canisters are stacked and grouted to within 3 km of the surface, a
containment plug would be built into the borehole. This plug would consist of alternating
layers approximately 60 m thick of cement grout and a clay and gravel slurry containing
compressed bentonite pellets. Extending to within 1600 m of the surface, this plug would
be topped by a backfill of slurried spoils and cement.
The major attributes of this DH reference system are presented in Table 1-2. A
schematic diagram of a deep hole disposal facility is shown in Figure 1-1 and Figure 1-2
illustrates a schematic of a reference borehole.
Granite was selected as the reference rock medium. The choice is based on
granite's high strength, low hydraulic conductivity and low porosity. Granite is the most
common subsurface rock in North America, and in many areas it is relatively uniform and
continuous over hundreds of square kilometers. At depths below 500 m, granite is
typically unweathered and fractures are minimal. Salt and shale, on the other hand, suffer
from a lack of mechanical strength, and their plasticity may cause severe borehole
stability problems at emplacement depths. Basalt and sedimentary formations may have
sufficient strength but usually lack the vertical uniformity desired in a DH candidate
medium.
PrIeliminary cost estimations are shown in Table 1-3. At this very preliminary
stage, authors of this study conclude that the economics of the DH concept compare
favorably with the mined geological repository system, particularly for disposal in
granite.
Several assumptions are embedded in the concept. The waste package is designed
merely to afford safety during surface handling and emplacement. After the borehole is
sealed, its expected lifetime is taken to be no more than two to five years. This DH
concept is also based on the assumption that retrievability and containment within the
waste package will not be required. Requiring retrievability either would severely restrict
the attainable depth of the borehole, or it would dictate exceedingly slender canisters,
14
requiring more boreholes at intolerable costs.
The report encourages further research and development on the DH concept. The
authors state that more advanced drilling and monitoring methodologies need to be
developed to characterize deep subsurface environments and that further research is
required to predict the geochemical interactions that will occur among drilling muds,
ground water, grouting materials and canisters in the downhole environment.
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Figure 1-1 Schematic Layout of Deep Drillhole Disposal Facility as Envisioned by BMI
[W-1]
Figure 1-2 U.S./BMI Reference Borehole Schematic [W-1]
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Table 1-2 Major Attributes of the U.S./BMI Reference Deep Drillhole System [W-1]
REFERENCE WASTE CHARACTERIZATION AND INFLOW
* 10 years old, thermal loading: 0.68 kw per canister for
SF and 2.6 kw for HLW, and canister dimensions:
12.75 inches in diameter and 10 feet in length.
REFERENCE SITE CHARACTERIZATION
* Part of a large pluton with low relief, within an area of
tectonic stability, and minimal recoverable mineral
resources.
* Relatively simple homogeneous granite with high strength,
low porosity, favorable thermal characteristics, and no
major discontinuities.
* Simple ground-water flow, and low hydraulic gradient.
* Vertical stresses equal to overburden pressures;
horizontal stresses assumed to have a value of 1.33
(maximum) and 0.67 (minimum).
* Geothermal gradient of 250 C/km of depth.
REFERENCE SURFACE FACILITIES AND EOUIPMENT
* Canistered waste receiving facility
* Radioactive waste facility
* Auxiliary facilities
* Mud storage and reclamation facility
* Cask transporter with transfer cask
* Borehole drill rig: conventional rotary drill rig
modified to go to desired depths.
* Borehole design: 60-inch to 200 feet, 48-inch to
4,000 feet, 30-inch to 10,000 feet, 20-inch to
20,000 feet; cased to 4,000 feet; removable casing to
10,000 feet; and borehole plug zone 5,200 to 7,800 feet;
potentially perturbed rock zone (secondary plug) 7,800 to
10,000 feet; and emplacement zone 10,000 to 20,000 feet.
* Borehole spacing: 1/2 miles at surface and minimum of
600 feet in subsurface.
REFERENCE EMPLACEMENT FACILITY
* Rail vehicle transporter
* Emplacement rig
REFERENCE BOREHOLE PLUG
* Alternating tremied sequence of (1) bentonite pellets and
gravel slurry, and (2) grout.
REFERENCE MONITORING
* Prior to decommissioning
* Normal environmental monitoring thereafter.
Table 1-3 U.S./BMI Reference Deep Drillhole System Cost Projections [W-l]
VDH (Very Deep Hole)
System Disposal Costs
(in granite)
Estimated Levelized
(1980 $ per kg HM/1991
Spent fuel
Unit Cost
$ per Kg HM)
HLW
11/29
40/106
$51/135
Capital costs
Operating costs
Subtotal:
Waste disposal in MGR (Mined
Geological Repository)
Additional processing costs
Total:
18/48
14/37
5/13
12/32
$17/45
40/106
0/0
$57/151
Mined Geological Repository (MGR)
System Disposal Costs
Salt
Granite
Shale
Basalt
65/160
97/239
71/175
109/269
59/156
96/254
91/241
116/307
Note: The following discount rates, directly adapted from Ref. [S-4], are used to
calculate the 1991 $:
(1) Real discount rate = 3%,
(2) GNP deflator value = 6.24%,
(3) Nominal discount rate = 9.24%
1.2.2 Denmark [E-1, R-3]
In Denmark, primary consideration is being given to the DH concept based on the
Danish attitude that disposal in deep boreholes in salt domes will be both cheaper and
safer than mined geological repositories. The potential HLW disposal site is the Mors
Salt Dome located beneath the island of Mors in the inlet of Limfjorden. This dome is
round in contour and extends to a depth of about 5.5 km below the surface and is
approximately 8 km in diameter. Overlying the salt is between 650 and 900 m of chalk.
The original design requirement was for a waste repository corresponding to the
operation of six 1000 MWe light-water reactors for 30 years. The waste is assumed to be
vitrified and to undergo 30 years of storage before disposal.
The repository would contain eight boreholes sunk at equal intervals around the
perimeter of a circle 500 m in diameter. The holes would be 0.75 m in diameter and 2500
m deep. Vitrified reprocessed wastes would be sealed in canisters with 15 cm thick walls
made from mild steel. These canisters would be lowered into a cement paste, which
would seal the waste package into the borehole. Canisters would occupy the lower 1300
m of the borehole. The remaining length would be backfilled with cement, salt and
asphalt plugs.
Both bedded and domed salt formations are available in Denmark, but the latter
have been favored due to their nearly vertical dip. Such domes are safer for waste
disposal not only due to their depth, but also because they typically are associated with a
less permeable overburden. Other safety advantages of the DH system include lower salt
excavation requirements and the capacity to place all of the wastes directly in the center
of a dome. A single deep borehole is also easier to seal than a mined geological
repository gallery. The DH concept has relatively low cost considering the low volumes
of waste that might be handled in Denmark.
Based on an estimated groundwater travel time of 2.3 X 107 years, Danish
researchers are optimistic that high-level radioactive wastes can be safely handled in the
Mors salt dome. Even under the worst case scenarios of human intrusion, water travel
times to the biosphere are estimated at 5 X 106 years.
Figure 1-3 illustrates a schematic of a reference borehole in the Denmark design.
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1.2.3 Italy [C-1]
In Italy, the focus is on the disposal of the high level waste (HLW) and cladding
hull wastes (CHW) which will arise in equivalent volumes and be packaged in 18,000
cylindrical containers, 9000 HLW and 9000 CHW, of dimensions 1.5 m in length and 0.3
m diameter.
The candidate host rock is the Pliocene-Pleistocene "blue clays" which are present
in considerable thicknesses in various basinal structures throughout Italy. The Italian
blue clays posses all the well-known waste containment advantages of an almost
impermeable semi-plastic medium, and consequently suffer from all the equally well-
known engineering problems of difficult and expensive tunnel construction.
A possible layout for a DH facility would use a hexagonal disposition of 120
boreholes, spaced 100 m apart, and each with a disposal zone 225 m long below a
overburden of about 300 m. Overall drilling costs are reduced by maximizing the length
of the disposal zone since fewer holes and less total drilled depth.are required Two large
drilling rigs would be operational during the lifetime (about 30 years) of a deep borehole
facility. One rig would be involved in drilling and preparing holes while the other was
employed in backfilling and sealing. Retrievability is not taken into account in this DH
design. A system of road and rail transport is envisaged to move rigs and waste around
the site, with large concrete pads situated above each hole and a rail spur serving each to
allow accurate positioning of waste emplacement vehicles over the hole top.
A schematic of the Italian reference DH facility is shown in Figure 1-4 and Figure
1-5 illustrates a reference borehole.
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Figure 1-4 Italian Reference Deep Drillhole Disposal Facility [C-1]
Figure 1-5 Italian Reference Borehole Schematic [C-1]
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1.2.4 Australia [R-1, R-2]
In Australia, the DH concept [R-1] has been addressed briefly by Ringwood. The
concept would consist of drilling holes of about 1.2 m diameter to depths of 4 km.
Radioactive wastes are converted into a solid ceramic form (SYNROC)[R-2] which
would be encapsulated in metal containers approximately 0.5 m in diameter and 3 m
long.
These canisters of radioactive waste would be lowered into the drill-hole and then
surrounded by a highly adsorbent, chemically compatible, easily deformable mineral
packing, containing magnesium oxide as shown in Figure 1-6. Any groundwater entering
the drill-hole would react with the MgO packing to produce Mg(OH)2. If this happened
the packing would double in volume and swell and seal cracks or fractures in the
surrounding rocks, thereby preventing any more water from reaching the waste. The
adsorbent clay seal between canisters serves as a further barrier to migration of
radionuclides. The lower 2.5 km of the drill-hole would be filled with waste canisters in
this manner and the upper section sealed with adsorbent clays. The wastes could be
retrieved, if necessary, by "over-coring" through the soft annulus of packing mineral.
The host rock would be a crystalline igneous or metamorphic rock that is essentially
impermeable to water at depth, and has a significant degree of ductility.
The costs of such a disposal strategy are estimated in [R- 1] to amount to only a
fraction of 1 per cent of the value of the electricity generated from the original material
even from the most conservative calculations.
The major technical advantages of this DH strategy proposed by Ringwood
include that (1) the wastes can be kept much farther from the biosphere than in a mined
repository, thereby enhancing the security of the "geological barrier"; (2) in many
regions, rocks at these depths are less permeable to circulating groundwater, so there is
less possibility of radionuclides traveling in groundwater and returning to the biosphere;
and (3) the stresses and any resultant fracturing in the rocks surrounding a 1.2-m diameter
drill-hole would be far less pronounced than those around the 5-m diameter shaft that
would be needed in a mined repository, and the narrow drill-holes would be much easier
to seal. Deep drill-hole disposal also allows a wider range of potential sites, in a variety
of rocks.
Costly, comprehensive and time-consuming site evaluation for a mined repository
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would be necessary. Evaluation of a single drill-hole, on the other hand, would be easier
and quicker, and disposal could begin more promptly.
The important sociopolitical attributes of DH disposal are that it is conceptually
simpler and the public is better able to understand its comparative safety and technical
advantages. Although local inhabitants may be reluctant to provide a site for the national
repository, they may well be prepared to accept a disposal strategy based upon the wide
dispersal of numerous small repositories throughout the country. In this way, the burden
and responsibility would be shared more equitably.
~% #'*
- '*%
%I a-
I. %,% g.* b
%- %%1 ' -
% I lot
-0,eov10to SO % r
dII'(
O..-
Impemeable
Crystalline Rock.
e.g. Gabbro
n 
'
- . , %
- % %
0 , l' ,'
•' , I -*'1 I s, "
, IL~- • * ,• # , . •
- jm*m .%u
.11
* .
i
" ", , " '. C'-: . ,. ,
* %I ,, *..~ UI "..,', -.Il • ,'• r,:;,I-\ 
-)
I -
tr 'D
U '
1%
)I,- ~
I..,,
1%'
* ~.,
I ',.
.* Im•erebl Pl xtire ..
of •90+"9(04) "
* 1•1 +' '..•I-a ' ,'.- Ž2•' .'.:2
)I I
*Metal Caniter.'!0 ,p.,,'Ld•` . l" o ••\*.
Figure 1-6 Australian Reference Borehole Schematic [R-1]
I
I i
r
1.2.5 Summary
The major attributes of these early surveys are summarized in Table 1-4. As
shown in the Table, most of the countries used the deep drillhole system to dispose of
only vitrified reprocessed high-level wastes. Only the U.S. has considered the dual
function of holding both spent fuel and vitrified high-level wastes. The depths of
boreholes investigated ranged from 525 m to 6.0 km. The diameters of the boreholes
spanned average from 30 cm to 1.2 m. Most of the investigators did not consider the
wastes to be retrievable. In the U.S., very pessimistic conclusions were arrived at with
respect to the retrievability and borehole lifetime. On the other hand, retrievability was
considered to be feasible in Australia. The maximum borehole lifetime in most of the
surveys was conservatively estimated to be only 30 years, some 20 years less than current
U.S. repository requirements..
Table 1-4 Major Attributes of Early Surveys on
Reference
Rock Type
Depth of
Borehole (m)
Diameter of
Borehole (cm)
Type(s) of
Waste
Emplaced
Expected
Lifetime of
Borehole (Yr)
Can Waste be
Retrieved?
U.S.A.
[P-l, W-1]
Granite
6000
50
SF/RHLW
2-5
NO
Denmark
[E-1, R-3]
Salt Dome
2500
75
RHLW
30
NO
Italy
[C-1]
Clay
525
30
RHLW
30
NO
Notes:
SF : Spent Fuel, usually as intact assemblies
RHLW : Reprocessed High-Level Waste, usually as a glass
Australia
[R-1, R-2]
Crystalline
4000
120
SYNROC
(RHLW)
30
YES
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the Deep Drillhole Concept
1.3 Motivation for the Present Research
The evaluations and conclusions of early surveys on the deep drillhole concept are
restricted by the then-available techniques of rock drilling and the geoscience data base
about the downhole environment. Some of the restrictions or assumptions now appear to
be out-of-date or be over-pessimistic. In particular, thermal spallation drilling methods
[R-4, R-5, T- 1, W-2] developed for tapping hot dry rock geothermal reservoirs appear to
alleviate many problems associated with older oil-well type technology [B-1, S-l, M- 1];
and advanced wellhole logging techniques [E-2, T-2] can now provide very sophisticated
assessments of factors in the emplacement environment which bear upon the question of
waste package integrity and assurance against waste release and transport back to the
biosphere. These two factors, plus an enhanced appreciation for the potentially better
political/public acceptance attributes inherent in the deep drillhole approach have
motivated the present re-assessment.
1.4 Organization of This Report
This report contains six chapters. The first chapter provides an overview of early
surveys on the deep drillhole concept and points out the motivation for the research.
Chapter two describes two rock drilling techniques which can be used to drill the
boreholes. Chapter three describes near-field and waste package heat transfer analyses
for a conceptual borehole system. The transport of radionuclides through the borehole is
addressed in chapter four. The overall system is described in chapter five along with
preliminary cost analysis . Finally, chapter six summarizes the research and provides
conclusions and recommendation for future work.
Chapter 2 Drilling and Geology
2.1 Introduction [R-3]
The concept of geological disposal is now widely accepted by many countries as
the most effective way to dispose of their high-level wastes. Geological disposal has the
advantage that the underground disposal facility can be designed to be an entirely passive
system without the need for long-term monitoring or maintenance. The depth of waste
emplacement ensures that little or no radioactive nuclides escape at the earth's surface for
a predetermined time period. Adequate site selection and characterization ensure that
once waste is placed underground it will remain there for eons. The risk of inadvertent
disturbance by man and any unauthorized interference with, or removal of, the waste can
be made highly improbable. Equally important, the utilization of existing proven mining,
engineering and deep drilling techniques makes geological disposal practically feasible.
This chapter briefly discusses some features of geology relevant to waste disposal
and addresses in some detail the two drilling techniques which can be used in the deep
drillhole approach.
2.2 Candidate Rock Types for Geological Disposal
The general characteristics of a host rock site suitable for geological disposal
include (1) high mechanical strength to maintain an opening, at least for the time period
during which the waste is being emplaced; (2) low permeability and few fractures or
breccia zones through which groundwater can move easily; (3) little or no volcanic
activities or frequent earthquakes; (4) no potentially valuable resources for future use to
minimize the chance that human intrusion might at some time disturb the repository; and
(5) scant and slow moving groundwater at repository depths. Other desired features are a
dry climate, reasonably flat topography, and accessibility to transportation routes. These
requirements will help to eliminate large areas from consideration as repository sites, but
must not be so restrictive as to make a suitable site formidably difficult to find [K-1].
The following subsections present the advantages and disadvantages for five
different rock types which have been considered as suitable repository sites, namely, rock
salt, granite, shale, tuff, and basalt.
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2.2.1 Rock Salt [C-2, I-1, K-l]
Rock salt is an evaporitic rock made up mostly of the mineral halite (NaC1). The
halite was originally precipitated during the evaporation of ocean water trapped in
landlocked basins. Based on the genesis, rock salt can be divided into bedded salt, which
is typically overlain by other sedimentary layers (see Figure 2-1), and domed salt, which
is a cylindrical-shaped structure intruding into overlying strata (see Figure 2-2).
Rock salt occurs widely throughout the earth's crust. To serve only as an
example, the distribution of rock-salt deposits in the United States in illustrated in Figure
2-3.
Rock salt has several advantages including (1) a self-sealing property due to
plastic flow; (2) high thermal conductivity; (3) low water content; (4) very low
permeability; and (5) easy minability. Unfavorable features of salt are (1) relatively high
coefficient of thermal expansion; (2) high solubility; (3) low sorptive capacity; (4)
existence of brine corrosiveness; (5) production of local oxidizing environment from
chlorine under long-term irradiation; and (6) the complication of maintaining stability of
mined openings due to salt flow.
2.2.2 Granite [C-2, I-1, 0-1]
The term "granitic rock" generally means any coarse-grained, light colored
igneous rock containing quartz. It is in broad usage applicable to certain metamorphic
rocks and to quartz-free, light-colored igneous rocks. In a narrower sense, granite
signifies a particular kind of coarse-grained, plutonic igneous rock made up mostly of the
minerals quartz, orthoclase, and plagioclase in well-defined proportions.
Of the crystalline rock types considered for nuclear waste disposal, granite is the
most acceptable one. Several candidate sites in the United States which have been
considered include Mesozoir and Tertiary batholiths and plutons of the western United
States, and Precambrian plutons of the Rocky Mountains, mid-continent, and eastern
portions of the United States.
Compared to rock salt, granite possesses both a high degree of physical strength
and a tendency to fail by brittle fracture. The high strength leads to improved stability of
the underground repository structure, but also to difficulty in dniling and increased
excavation costs. The lower ductility means that fractures in granite tend not to be self-
sealing. Fractures can constitute the primary conduits for groundwater transport in
granitic rocks.
Other advantages are low porosity, low solubility, and low corrosion potential.
Higher thermal stresses may occur in the vicinity of the repository due to the rapid
changes of thermal conductivity (decreasing), specific heat (increasing), and thermal
expansion coefficient (increasing) with temperature. The wide variation in rock
properties is a special feature which may complicate the modelling of geological
characteristics.
2.2.3 Shale [C-2, I-1]
Shale is a fine-grained, indurated, detrital sedimentary rock formed by the
consolidation (as by compression or cementation) of clay, silt, or mud. It is characterized
by finely stratified (laminae 0.1 - 0.4 mm thick) structure and/or fissility that is
approximately parallel to the bedding. Shale is made up of clay minerals and appreciable
amounts of quartz, feldspars, and carbonates.
The shale occurs widely in sedimentary units underlying the ocean and on the
continental land masses. In the United States, shale appears on nearly all geological
maps (see Figure 2-4). Many units are thin interbeds in clastic sequences and, as such,
offer limited potential for repository sites. Others, more suitable for such use, occur in
massive shale beds up to a thousand meters thick and have a wide areal extent.
Shale has a low physical strength compared with igneous rocks such as granite
and basalt (to be discussed in section 2.2.5). As with rock salt, shale flows plastically
under the pressures encountered at repository depths, and therefore, fractures tend to be
self-sealing. On the other hand, the stability of underground openings is more difficult to
maintain than in hard rock environments. In contrast to salt, shale is quite insoluble.
Hydrologically, shale is characterized by the uncommon combination of high
porosity and low permeability, partly related to its fine grain size and low fraction of
interconnected pores. Shale has high sorptive power due to the large content of clay
minerals in the rock.
Other potential drawbacks of shale include the instability of some shale rocks
above about 1000C - the dehydration of some of the clay minerals may increase the
permeability, and the tendency to be associated with groundwater aquifers and deposits of
economically valuable resources.
2.2.4 Tuff [C-2, R-3]
Tuff is primarily indurated volcaniclastic ejecta deposited either directly or
reworked and redeposited by other surface processes. Tuff deposits of interest for waste
repository siting are typically quite complex structures made up of several zones of
distinct mineralogy and properties. Tuffs are mainly found in the western part of the
United States, occupying areas of hundreds of square kilometers, and at some locations
exceed 3000 meters in depth. The first geological repository [D-1] designated by the
U.S. Congress is located in the Topopah Spring Member tuff site in Nevada.
Based on the genesis and subsequent history of the rock, tuff can be classified into
densely welded and non-welded tuffs. The mechanical, thermal and geochemical
properties of welded and non-welded tuffs differ considerably. Intact, densely welded
tuff has mechanical strength comparable to basalt (to be discussed in section 2.2.5) and is
about three times stronger than the non-welded rock. Both types of tuff fail primarily
through brittle fracture. The compressive strength of both tuffs decreases with increasing
free water content and increasing temperatures. The coefficient of thermal expansion of
welded tuff is positive and increases as temperature is increased. Non-welded tuff,
however, behaves in an opposite way. The thermal conductivity of welded tuff is
moderately high - similar to basalt, and considerably higher than non-welded tuff.
Welded tuff remains thermally stable up to high temperatures, but non-welded
zeolite tuff undergoes dehydration and phase changes at temperatures of 150 - 2000C.
The dehydration would probably be accompanied by a significant loss of rock strength.
A unique and important advantage of zeolite tuff is the very high sorption
capacity provided by zeolite minerals.
Suitable tuffaceous structure for a waste repository may consist of the
combination of both tuffs with a large central zone of welded tuff surrounded by non-
welded tuff.
2.2.5 Basalt [C-2, I-1, R-3]
Basalt is a very fine-grained, partly glassy, dark-colored, igneous rock formed on
the rapid cooling of volcanic lava flows. It is dominated by mafic minerals and
plagioclase feldspar in varying proportions.
Basalt is the most abundant type of volcanic igneous rock, and most basalts occur
in flows. Most of the great flow sequences underlie the oceans, but major continental
flow deposits (known as flood or plateau basalts) also occur. In the United States, an
extensive area of flood basalts underlies the Columbia River Plateau in the Pacific
Northwest; covering an area of more than 150,000 km 2 (see Figure 2-5).
Basaltic rock properties vary considerably, like granite. Basalts may be able to
retard significantly the passage of radionuclides, through sorption onto secondary
minerals such as clay and zeolites. On the other hand, sedimentary interbeds may serve
as conduits for groundwater flow.
Basalt has similar stress-strain and strength properties to granite. The thermal
conductivity is somewhat lower.
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2.2.6 Summary of Geology Considerations
A concise summary of the pros and cons for the five rock types mentioned above
is provided in Table 2-1.
Granites, basalts, and tuffs can be generally be assumed to be strong enough to
support physical excavation and the formation of suitable repository cavities. However,
the considerable changes in their detailed mineralogy and the predominance of hydrous
minerals in a particular rock may restrict the design temperature of a repository to below
2000 C. The fracture-dominated feature of these three crystalline rocks may complicate
the appreciation of their hydrogeology. The complexity of the nature of fracture flow
paths associated with the effects of stresses needs to be taken into account in repository
design.
Although shale and salt have an attractive self-sealing property to isolate buried
wastes from circulating groundwater, their weak strength and plastic behavior may limit
the capability of constructing deep repositories. Their self-sealing tendencies also pose
real difficulties in keeping voids open at depth.
In considering the host rock most suitable for the deep drillhole approach, several
major factors need to be highlighted. The depths of drillholes are much greater than those
of mined repositories (several kilometers vs. several hundred meters), therefore, the
minability or drilling capability of the rock and the stability of the boreholes are essential.
With respect to excavation capability, it seems that the softer rocks (shale and salt) are
more favorable than the crystalline rocks. However, due to their plastic behavior and
weaker strength, shale and salt cannot compete with the crystalline rocks in terms of
borehole stability. With the improvement of hard rock drilling techniques (to be
described in section 2.4) and the realization that the drilling costs may not be a critical
fraction of the total waste disposal costs (to be addressed in chapter 5), it appears that
crystalline rock, especially granite, is the best choice.
Another important issue which should be considered is downhole well logging
techniques, which are essential to the appreciation and characterization of geophysical
and geochemical properties at borehole depths. These parameters play an important role
in the evaluation of groundwater transport and radionuclide release. The issue of well
logging capabilities is discussed in chapter 4.
Table 2-1 Advantages and Disadvantages of Major Rock Types
Rock Type Advantages Disadvantages
Rock Salt 1. Self-sealing 1. High thermal expansion
2. Easy mining coefficient
3. High thermal 2. High solubility
conductivity 3. Corrosiveness of brines
4. Low water content 4. Low sorptive capacity
5. Very low permeability 5. Creep closure of mined
6. Abundant availability openings
Granite 1. Very strong rock 1. Difficult to excavate
2. Low permeability 2. Complex geology
3. Low solubility 3. Complex hydrology
4. Low corrosion potential 4. Higher thermal stress
Shale 1. Self-sealing 1. Low physical strength
2. Low permeability 2. Difficult to maintain
3. High sorptive power stability of mined
openings
Tuff 1. High strength 1. Strata difficult to model
2. Zeolite tuff is highly 2. Aquifers in arid regions
sorptive may be attractive to
3. Very low water flows in future generations
arid regions 3. Unsaturated zone
4. Present in heavy hydrology not well
thickness above the understood
water table 4. Seismic activity may be
high
Basalt 1. Very strong rock 1. Complex hydrology
2. Low permeability 2. Relatively expensive to
3. Minerals in fractures excavate
are highly sorptive 3. Complex geology
4. Some interbeds have
high permeability
2.3 Oil-Well Drilling Techniques [B-1, H-1, L-1, M-1, S-1]
There are two methods of drilling wells. In the cable-tool drilling method a heavy
bit suspended from a cable is raised and dropped in the borehole, pounding its way
through the rocks. In the rotary method a bit is rotated on the end of a string of drill pipe
and grinds its way down. Usually cable-tool drilling costs less than does rotary drilling
and gives a more accurate record of the formations drilled. However, in most formations,
rotary drilling is faster and safer than cable-tool drilling. The choice of methods often
depends on the individual preference or prejudice of the operator, or on which type of
drilling equipment is on hand, but the trend is toward rotary drilling. Cable tools are
demoted to shallow wells and wildcat wells where the operator wants to avoid the
expense of coring, and to small drilling programs where the initial cost of a rotary outfit
would not be warranted. In the United States, about 90% of today's drilling is by the
rotary method.
2.3.1 Cable-Tool Drilling
The cable-tool rig is relatively simple (Figure 2-6). A bit, which is just a steel
weight with a point on it, is suspended by a cable down the borehole. A steam or diesel
engine raises and lowers the walking beam. As the end of the walking beam rises and
falls, the cable and bit move up and down. The bit pounds the well into the ground. The
cable is wounded around a reel called the bull wheel. The cable goes up over a wheel at
the top of the derrick - a wooden or steel tower which is used to raise and lower
equipment in the well - and then down to the walking beam. As the well is pounded
deeper, more cable is let out from the walking beam.
After some drilling, the bottom of the well becomes stuffed with rock chips. The
bit is then raised and a bailer is lowered into the well to scoop out the rock chips. After
the bailer is removed, the bit is again lowered into the well to pound it deeper.
Cable-tool drilling is very slow and dangerous. Cable tools do not effectively
control subsurface pressures, and blowouts were common in cable tool operations. Some
cable tool rigs are active today only in shallow areas where they drill relatively
inexpensive wells.
WALKING lAM
Figure 2-6 A Schematic of a Cable-Tool Rig [H-1]
2.3.2 Rotary Drilling
This method of drilling is currently the most widely used all over the world. It
drills all the medium and deep wells. In rotary drilling, a borehole is drilled in the rock
by a continuously rotating rock bit. Cuttings (or rock chips) from the hole are carried to
the surface by drilling mud which is circulated continuously through the drill pipe. The
mud is pumped into the drill pipe at the surface, out through the bit, and up the annular
space between the drill pipe and the walls of the hole.
A schematic diagram of a rotary drilling operation process flow is shown in
Figure 2-7. Drill pipe string l(as shown in the Figure) terminating into bit 2 is suspended
by means of a pulley block. The stationary pulley assembly (crown block 3) is mounted
at the top of a derrick or mast 4. The travelling block 5 moving inside the derrick is
attached to the hook 8 and accommodates the hoisting line 6 via the derrick crown block
to provide the means of hoisting or lowering the drill pipe and casing loads (to be
discussed in section 2.3.3) involved in a drilling operation. One end of the hoisting line is
attached to the derrick base, while its other end is fastened to the hoisting drum of the
draw works 7.
A swivel 9 is suspended from the hook. The other end of the swivel is screwed to
the top end of the kelly 10 by a thread connection. The swivel supports the drilling string
and allows rotation of the pipe without transmitting the torque to the pulley-block system.
The kelly, a square or hexagonal pipe, is screwed to the top of the drill pipe string
through a threaded connection and is itself supported by the swivel. The kelly passes
through the center opening of the rotary table 11.
The rotary table is situated in the center of the derrick floor immediately over the
borehole and directly under the center of the derrick or mast. Its function is to support the
weight of any pipe or casing run into or from the hole and to provide rotary motion to the
drill pipe string via the kelly when drilling.
The engines 12 or prime movers supply the power to the rig. Most engines are
diesel and are often used to generate electric power. The power is used primarily to turn
the drill pipe string and raise and lower equipment in the hole.
The continuous circulation of drilling mud is provided by mud pumps 13 and a
circulation system comprised of drilling mud flow lines 14 and shale shakers 15.
The drilling mud is stored in steel mud pits 16 beside the rig.
The mud pumps force the drilling mud from the mud pits into the discharge line
17. Then, the mud finds its way through standpipe 18, kelly hose 19 and swivel to the
inner channel of the kelly and on via the bore of the drill pipes to the bit. Flowing out of
the jets in the bit, the drilling mud picks up rock cuttings and returns to the surface along
the annular space between the borehole wall and drill pipe string. On reaching the earth's
surface, the drilling mud flows into the mud return line connected to a casing pipe 20.
After this, the drilling mud is cleaned of rock cuttings (in the shale shakers) and treated
with chemicals, if necessary, to control its properties. The clean and chemically treated
mud again goes to the mud pit, where it is again picked up by the mud pumps and
continues its next trip.
In order for the bit to break up the rock, a certain axial force must be applied to
press the bit against the rock. This axial force is taken by the bit from part of the drill
pipe string weight as soon as the bit touches the bottom of the hole. In order to maintain
the axial weight on the bit at its specified value, the drill pipe string is continuously
advanced further down into the well.
When the full length of the kelly enters the borehole, a length of drill pipe must be
added to the drilling string. To this end the mud pumps are stopped, the drilling string is
pulled up over the length of the kelly and suspended by the drill pipe slips carried by the
rotary table. The kelly is then unscrewed and a single joint of drill pipe is hoisted inside
the derrick and screwed to the suspended drill pipe string.
Bits wear out after 8 to 200 hours of rotation, with an average bit wearing out
after about 24 hours. To replace a worn-out bit, all the pipe is pulled out of the hole and
stacked in the derrick. The bit is then changed and the pipe put back into the hole.
In summary, the borehole drilling process consists of the following repeated
operations:
1. running a new bit on the drilling string down the hole;
2. disintegration of the rock with the bit;
3. adding new drill pipe lengths to the string as the borehole goes deeper,
4. pulling the drill pipe string out of the hole to replace worn-out bits.
Notes:
1 - drill pipe string, 2 - rock bit, 3 - crown block, 4 - derrick or mast,
5 - travelling block, 6 - hoisting line, 7 - draw works, 8 - hook, 9 - swivel,
10 - kelly, 11 - rotary table, 12 - engines, 13 - mud pumps,
14 - mud flow lines, 15 - shale shakers, 16 - mud pits, 17 - mud discharge line,
18 - standpipe, 19 - kelly hose, 20 - casing pipe
Figure 2-7 Schematic of a Rotary Drilling Setup [S-1]
2.3.3 Casing and Cementing
To compete the well, casing and cementing are required. Casing is steel pipe that
is run down the hole (Figure 2-8). Cement (slurry) is then pumped between the casing
and sides of the well. Casing has several purposes. First of all, it stabilizes the well and
prevents the sides from caving into the well. Casing also protects fresh water aquifers
that are often located near the surface. Casing seals off these reservoirs from pollution by
drilling mud during drilling and petroleum during production. Finally, the casing
prevents the petroleum from being diluted by water from other formations during
production.
Many wells have a casing program which may cover conductor, surface,
intermediate, and oil or production strings. Each casing string has different diameters,
extends to different lengths, and serves various purposes. Conductor string is a short
string of pipe of largest diameter which is used where the ground is soft, as at swamp,
marsh, or offshore locations. Surface casing, placed inside the conductor, has a
somewhat smaller diameter and is used to protect fresh water aquifers and prevents loose
surface rock from caving into the well. Intermediate string, occasionally called
"protection casing" has an even smaller diameter and is used to seal off problem
formations such as salt or abnormal high pressure zones. Production string has the
smallest diameter and is run down to the production formation. A large-diameter bit is
used to drill the near surface portion of the well. After the casing string is run into the
well, a smaller diameter bit is used to drill the next portion of the well. Thus, the well
bore and casing become progressively smaller with depth. A typical casing and bit
program is provided in Table 2-2, and a diagram showing the relationship of different
casing strings is shown in Figure 2-9.
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Figure 2-8 Casing in a Well [H-1]
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Table 2-2 A Typical Casing and Bit Program [M-1]
Casing String Bit Size (inches) Casing Size (inches IOD])
Conductor
Surface
Intermediate
Oil string
171
12t
81
20
131
9j
5)
-"q"7
0" OD CONDUCTOR CASING
3 3/8" OD SURFACE CASING
15/8" OD INTERMEDIATE
I/" Z OD OIL STRING CASINO
Figure 2-9 Relationship of Casing Strings [M- 1]
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2.3.4 Directional Drilling
It is difficult to keep a well going straight down due to the dipping beds of hard
and soft rocks. Depending on the dipping angle with which the bit hits a subsurface hard
rock layer, the well would deflect to a different extent (Figure 2-10). The number of
degrees a well deviates from vertical is called the deviation and the well is called a
crooked well (Figure 2-11).
Today, drilling contracts usually have a clause specifying that the well deviates no
more than a few degrees from vertical. Modern rotary rigs can be controlled so that the
well is drilled at a predetermined angle and ends up in a predetermined location.
Deviation drillings are sometimes used for legitimate reasons, such as to develop offshore
oil reservoirs, to drill a relief well for safety concerns, to sidetrack a well around
obstacles during drilling a predetermined well, and to overcome a poor drilling location
(Figure 2-12). It is possible using such techniques to drill up to sixty wells from a single
drilling platform and thereby cover a subsurface area of some three to four square miles.
Recently, horizontal drilling has attracted interest as a means to increase
production from old fields in which the oil is scattered among a number of isolated
regions.
_
Figure 2-10 Deflection of Wells by Different Dipping Angles [H-1]
A Crooked Well [H-1]
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Figure 2-12 Applications of Deviation Drilling [H- ]
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2.3.5 How Deep, How Big, and How Long Can a Borehole Be?[A-2, A-3, B-l, K-2]
The well that started the modern oil business was drilled near Titusville,
Pennsylvania, in 1859. It was sixty-nine feet deep. The deepest well drilled to date is the
Kola SG-3 well in the USSR. This superdeep well has a depth of 11,600 m (38,058 feet).
Today, wells more than 2 miles deep are numerous and wells more than 3 miles deep are
not uncommon. In the United States, the average depths of oil and gas wells ranges from
1,250 to 12,500 feet.
Hole geometry selection is a critical part of the oil-drilling engineering plan that
can make the difference between economic and engineering failure or success. The
drilling industry's experience has developed several commonly used hole geometry
programs. These programs are based on bit and casing size availability as well as the
expected drilling conditions. A typical casing and bit size selection chart is shown in
Figure 2-13. This chart can be used to select the casing and bit sizes required to fulfill
many drilling programs. According to the figure, for example, maximum hole sizes of
20" or 26" diameters are available associated with 16" or 20" casings.
It is clear that the production of all oil wells declines when they are produced to
capacity. If the well is allowed to produce only a part of its potential production the
decline may not be noticeable for a long period. However, the well will ultimately fail to
sustain profitable production, sooner or later. Nevertheless, the stability of the well may
keep it producing for twenty to seventy years; unless it goes to water.
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Figure 2-13 Casing and Bit Size Selection Chart [A-3]
2.4 Hot Dry Rock Drilling Technique [A-1, M-2, M-3, R-4, R-5, R-6, W-2, W-3]
Conventional rotary-drilling for the exploration of oil and gas focuses on the
drilling of softer sedimentary rocks and rarely on hard rock formations such as granite,
gneiss, and quartzite. For the exploitation of geothermal energy, often hard rocks must be
excavated down to several kilometers below the surface. Although some hardened-metal
bits can be used to drill these hot dry rocks (HDR), the efficiency and lifetime of bits are
too low due to the rapid wear of all hardware components.
Some improvements based on conventional mechanical drilling have been made,
such as the concept of a renewable bit that could be changed downhole or a continuous
chain drill bit that would expose a new set of cutting surfaces. Unfortunately, though
these concepts appear promising, only limited bench-scale tests have been conducted, and
the results of a field testing program are still pending.
Other alternatives which would avoid the inherent mechanical limitations of the
comminution process, the problems from drill string rotation, metal to rock contact, and
the need for frequent replacement at the cutting interface, have been reviewed and
evaluated in [M-2, M-3]. Of some more than 25 methods, only four are promising, which
include thermal spallation, fusion or rock melting, fluid or jet erosion, and chemical
attack.
The thermal spallation method has been used commercially for many years to cut
granite in quarries and to produce blasting holes in taconite mines, and is now under
extensive study, and has acquired a lot of data on granitic rock. In this research, the focus
is on deep drilling into hot dry formations such as granite, therefore, alternatives other
than the thermal spallation method are excluded in the discussion.
2.4.1 Thermal Spallation Drilling Method
Thermal spallation drilling is based on the rapid heating of the rock surface to
induce sufficient thermal stresses within the rock. The thermal stresses can create and
propagate fractures which form the spalls, small (100 - 500 Pm) disk-like flakes, after the
surface temperature reaches about 4000C. Typically, the high-intensity (more than
1 MW/m2) heat source comes from the combustion products of fuel and oxidant which
are expanded through a converging-diverging nozzle to produce a hot, supersonic flame
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jet directing downward at the rock surface (Figure 2-14). The jet impacts directly on the
rock surface and causes it to spall rapidly. The large residual jet momentum carries the
fragments around and upward to the annular space between the drill and the hole. The
exiting combustion products carry the spalls and eject them from the hole at high speeds.
The internal parts of the drill are cooled by water circulating through the housing. After
picking up some of the drillhead heat, the circulating water is sprayed into the holes
above the spalling region to cool the gas jet.
Initially, thermal spallation techniques were applied by Browning, Inc. and the
Linde Division of the Union Carbide Corporation for taconite mining, but the application
was extended quickly to granite quarrying operations where they are used extensively
today. A schematic of Browning's thermal spallation burner is shown in Figure 2-15.
The approach was extended to deep drilling in 1980 by Browning and Los Alamos
National Laboratory for HDR wells in spallable granite formations. A conceptual rig
design is shown in Figure 2-16. Within the last few years, successful outcomes from
drilling in the granitic formations of New England and in New Mexico have shown the
potential and competiveness of thermal spallation as an efficient deep-drilling method.
Compared to conventional rotary drilling, flame-jet thermal spallation has
penetration rates as high as 8 to 30 m/hr (vs. 1-7 m/hr for rotary drilling), and can drill
holes as large as 25 to 40 cm in diameter. The average well drilling cost for depths of
3.0 -4.7 km are estimated to be $300/m (in 1981 dollars) [W-3].
Unlike mechanical drilling systems, however, thermal spallation cannot drill
through every rock type. Recent developments show that most hot dry rocks having high
mechanical strength are spallable, and extensive progress has been achieved in drilling
through limestone [T-7, T-8].
2.4.2 Potential Improvements
Some potential drilling improvements in thermal spallation techniques addressed
by Williams [W-2] are (1) dual purpose drilling system; (2) deep borehole drilling; (3)
investigation of rock stability; (4) cavities; (5) directional drilling; (6) vertical shaft
formation; and (7) formation of horizontal holes and tunnels. Most of the advancements
focus on the modification of burner design. For example, with a large burner (up to
0.6 m in diameter) and the introduction of a downhole axial compressor system and an
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annular nozzle, shafts of approximately 4 m in diameter can be bored. Higher penetration
rates can be achieved in deep borehole drilling when using an annular nozzle and
increasing flame luminosity. Directional drilling can also be accomplished using a
nonaxial-flame burner and direction control of the burner from the surface.
TO RIG HOIST
Figure 2-14 A Schematic of Thermal Spallation Drilling [W-3]
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Figure 2-15 Schematic of a Browning Engineering Flame-Jet Drill [A-1]
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Figure 2-16 Schematic of a Flame-Jet Drilling Rig [A-1]
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2.5 Chapter Summary
This chapter has identified the potential advantages and disadvantages of several
rock types which have been considered as candidate host rocks in high-level waste
(HLW) disposal. It would appear that the best rock type for the deep drillhole approach
is crystalline rock, with special preference given to granite.
Sections 2.3 and 2.4 introduced two drilling techniques which may be applied in
the deep borehole concept. Conventional rotary-drilling is not readily applied to hot dry
rock (HDR) such as granite, and is restricted only to softer formations such as shale or
salt. The thermal spallation technique has the greatest potential for utilization in granitic
rocks, and hence may be used as the major drilling method for such formations.
In conclusion, this chapter has provided a basis for : (1) selecting a suitable rock
type for the deep drillhole approach; and (2) employing the most feasible and efficient
way of drilling.
Chapter 3 Thermal Analysis
3.1 Introduction
Thermal analysis is critical to the design of a high-level waste (HLW) repository.
Many authors [C-3, H-2, J-1, M-4, 0-2, R-7, S-2, T-3] have examined the impacts of
thermal analysis using various calculational models. These analyses include
sophisticated finite-element codes, conventional finite-difference codes, and
semi-analytical solutions of the governing heat transfer equations. This chapter focuses
on the thermal analysis for a hypothetical deep drillhole repository and compares the
results with the projections for the Yucca Mountain site program [D-2, 0-2].
In the present research, a two-stage model is employed. A near-field
two-dimensional transient calculation model using HEATING-3 [T-4, T-5] is used to
calculate the transient temperature distribution for a unit cell of boreholes. The maximum
borehole-wall temperature obtained from HEATING-3 calculations then serves as the
boundary condition for the second model - a steady-state one-dimensional heat
conduction model - to compute the detailed temperature distribution inside the borehole.
The procedure for these computations is depicted in Figure 3-1.
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3.2 Unit Cell Design
The unit cell approach is taken for two reasons. First, considerable computational
effort will be saved using a unit cell approach rather than dealing with a large, full
domain repository. Second, the unit cell approach is conservative. In general, for the
central parts of a repository, the results of unit-cell computations will be in good
agreement with those of a detailed, full domain calculation. For those boreholes located
near the periphery, however, the unit cell method will give conservative results. In this
approach, two critical parameters must be defined, i.e., the borehole diameter and the cell
pitch. Figure 3-2 shows a typical cell.
The borehole diameter is determined from the assumptions that each waste
canister will hold only one PWR spent fuel assembly or four BWR spent fuel bundles,
and that each borehole will contain a string of either PWR or BWR canisters. Another
important factor which will affect the borehole size is the criterion of retrievability.
Because of this criterion, the size of a borehole can not be unreasonably small. Based on
these considerations, a 20" (or 50.8 cm) diameter is picked. The value is the largest
conventionally available hole size according to the casing-bit size selection chart as
shown in Figure 2-13. The selection is also coincident with a previous study [W-1].
The cell-pitch is mainly determined from the requirement of areal thermal
loading. In this research, an areal thermal loading of 57 kw/acre (or 14 w/m2), same as
for the Yucca Mountain site [D-2, 0-2] is used. As a preliminary evaluation and to
simplify the computation, a reference borehole repository system holding only PWR
spent fuel bundles is considered. The cell-pitch for such a reference system is obtained
from the following equation:
P= N (3-1)
where,
P = Cell pitch (m),
N = Number of canisters per borehole,
q = Decay power of canister at the time of emplacement (w),
Q" = Areal thermal loading (w/m 2).
By assuming that the total length of the waste emplacement zone (the active zone
of a borehole which holds waste canisters) and the height of a canister to be 1250 m and 5
m, respectively, a unit cell with the configuration of 250 canisters and a 96 m cell pitch is
obtained for a design age of the wastes of 10 years. The decay power at that time is 518.7
w using the specific power (w/MTHM) from [M-5] and the average waste weight per
assembly of 0.46 MTHM from [D- 1].
The equivalent cylindrical cell radius is related to the unit cell pitch, P, via:
R=- P (3-2)
The equivalent cell radius computed from equation (3-2) is 54 m. This radius will be
used in the near-field transient and waste package steady-state heat transfer calculations
described in the following sections.
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Figure 3-2 A Typical Unit-Cell of a Deep Drillhole System
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3.3 Near-Field Heat Transfer Analysis
3.3.1 HEATING-3 Code Description [F-1, L-2, T-4, T-5]
This section briefly introduces the HEATING-3 code. Detailed information about
the code is contained in the references cited.
HEATING-3, a slightly modified version of the generalized heat conduction code:
HEATING - an acronym for Heat Engineering And Transfer In Nine Geometries, was
designed to solve steady-state and/or transient conduction problems in one-, two-, or
three-dimensional Cartesian or cylindrical coordinates. The first version of HEATING
[L-2] was written by Liguori and Stephenson based on the modification and
simplification of the GHT code [F-1].
In HEATING-3, thermal conductivity, density, and specific heat may be
dependent on temperature. Heat generation rates may be space- and time-dependent.
The boundary conditions, which can be time-dependent, include fixed temperature or any
combination of constant heat flux, forced convection, natural convection, and radiation.
Three types of boundary conditions are available - surface-to-surface,
surface-to-boundary, or surface-to-surface plus conduction. The mesh spacing can be
variable along an axis. The program is limited to 1,750 lattice points, 100 regions, 50
materials, and 50 boundary conditions.
HEATING-3 solves the finite-difference heat conduction equations by the
"extrapolated Liebmann method" and a modification to the "Aitken 82 extrapolation
process" for a steady-state problem. For transient calculations, a Levy's modified explicit
method is incorporated into the program as an alternative to the normal explicit method.
The modified method can allow the use of an arbitrary time step while maintaining
stability.
Other features of HEATING-3 are that (1) the sine function is part of the
position-dependent function; (2) the printout times for transient problems can be
explicitly specified; (3) the initial temperature at one or more lattice points can be
explicitly specified; (4) the initial problem time can be chosen by the user; (5) the initial
value of P - the overrelaxation factor, must be specified by the user;, and (6) the final
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temperature distribution can be written out on an auxiliary file specified by the user.
Note that later versions of the code have also been released: e.g. HEATING-5
[T-6], and HEATING-6 [E-3].
3.3.2 Calculation Model
The model used for HEATING-3 near-field transient calculations is shown in
Figure 3-3. A two-dimensional cylindrical (R-Z) problem simulating a unit-cell of a
hypothetical deep drillhole system is solved as shown in the figure. The reference
borehole consists of an emplacement zone of 1250 m, holding 250 PWR spent fuel
canisters, which extends from 1000 m to 2250 m below the surface. The borehole
diameter is 50.8 cm and the cell radius is 54 m. The design age of the wastes is
10 years.
The ground surface boundary condition is at a constant temperature of 14.9 oC,
which is the same as for the Yucca Mountain site [D-2]. This boundary condition is
justified by the fact that the natural heat flow from the ground is very small compared
with the solar energy impinging on the surface. Heat in the interior is dissipated by
radiation and convection and has a negligible effect on the surface temperature, which is
controlled by the sun [T-3]. The bottom of the unit-cell (at 3250 m) is under the constant
geothermal flux of 0.0592 w/m2 . An insulated boundary at the cell radius of 54 m is used
to separate adjacent cells. An adiabatic boundary condition at the center-line of the
borehole is equivalent to mirror symmetry. Table 3-1 summarizes the boundary
conditions used for HEATING-3 calculations.
The thermal properties of the host rock are those appropriate to Tuff, in order to
compare our results directly with the results for the Yucca Mountain site [D-2, 0-2].
Constant thermal properties (thermal conductivity, density, and specific heat) at values
corresponding to the most conservative temperatures are chosen. Table 3-2 lists the
thermal properties of the host rock.
The decay heat power is from [M-5] and the heat generation rate function (i.e., the
volumetric heat generation rate) is computed by the following equation:
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= qP 2 (J/Yr m 3) (3-3)
nR2
where,
N = Number of spent fuel bundles in the canister,
P = Pitch (width) of a fuel bundle, (m),
R1 = Inside radius of the canister, (m), and
q9ass(t) = Volumetric heat generation rate of a bundle at time t, (J/Yr m3 ).
The volumetric heat generation rate of a spent fuel bundle is computed from:
, w Q(t)
xass(t) V  3.1536 x 107 , (J/Yr m3) (3-4)
where,
w = 0.46 MTHM,
V = Volume of a canister, (m3 ),
Q(t) = (550 exp (0.223 + 0.117 t) -1, for t < 30 years,
941.0 t-0.749, for 30 < t < 105 years
Q(t) is excerpted from [M-5]. The size of a canister is chosen to be 34 cm in
inside diameter and 5 m high.
The initial temperature distribution is assumed to be a linear function of depth
based on the geothermal temperature gradient of 37 OC/km [D-2], this function is :
T(z) = 14.9 + 0.037 z, (3-6)
where,
T = Temperature, (oC),
z = Depth below the ground surface, (m).
The heat generation rate function as input to HEATING-3 for transient
calculations is listed in Table 3-3. The lattice grid separation is listed in Table 3-4. The
printout times are listed in Table 3-5. The complete input data are provided in
Appendix A.
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Table 3-1 Boundary Conditions for HEATING-3 Calculation Model
Surface Boundary Condition
R = 0 Adiabatic
Z= 0 (Ground Surface) Constant Temperature at 14.9 oC
R = 54 m Adiabatic
Z = 3250 m Constant Geothermal Flux of 0.0592 w/m2
Table 3-2 Thermal Properties of Tuff [0-2]
Density (Kg/m 3) 2244
Thermal Conductivity (w/m OC) 1.6 (100 - 400 oC)
Specific Heat (J/Kg OC) 689 (100 - 400 oC)
_~____i 
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Table 3-3 Heat Generation Rate Data for Near-Field Model
Time after Emplacement Normalized Heat Generation Rate
(Year) (J/Yr m3 )
0.0 1.0000
1.0 0.9459
2.0 0.9019
3.0 0.8655
4.0 0.8348
5.0 0.8087
6.0 0.7862
7.0 0.7666
8.0 0.7494
9.0 0.7342
10.0 0.7206
20.0 0.6376
50.0 0.3887
100.0 0.2469
250.0 0.1296
500.0 0.0783
750.0 0.0580
1000.0 0.0469
2500.0 0.0237
5000.0 0.0141
10000.0 0.0084
25000.0 0.0042
50000.0 0.0025
75000.0 -0.0019
100000.0 0.0015
Scale factor = 1.6140 x
obtain q"' in J/Yr m3
1010, i.e., multiply values tabulated by this factor to
Table 3-4 Lattice Divisions for Near-Field Model
Radial Coordinates (m) 0.0, 0.254, 1.254, 4.254, 7.254, 10.254,
15.254, 20.254, 31.503, 42.752, 54.0
Axial Coordinates (m) 0.0, 375.0, 750.0, 1000.0, 1210.0, 1420.0,
1630.0, 1830.0, 2040.0, 2250.0, 2500.0,
2880.0, 3250.0
Table 3-5 Printout Times for Near-Field Model
Time Point Time after Emplacement (Years)
1 1.0
2 2.0
3 3.0
4 4.0
5 5.0
6 6.0
7 7.0
8 8.0
9 9.0
10 10.0
11 15.0
12 20.0
13 30.0
14 40.0
15 50.0
16 75.0
17 100.0
18 250.0
19 500.0
20 750.0
21 1000.0
22 2500.0
23 5000.0
24 7500.0
25 10000.0
26 15000.0
27 20000.0
28 25000.0
29 30000.0
30 40000.0
31 50000.0
C_____ _ _C C;
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3.3.3 Results
The results of HEATING-3 R-Z transient calculations for the hypothetical unit
cell in tuff are shown in Figures 3-4 to 3-22. The maximum borehole wall (at 0.254 m
from borehole center) temperature occurs at the depth of 2040 m, which is 210 m above
the bottom ( at 2250 m) of the waste emplacement zone. The variations of this
temperature along with the temperature at 1 m from the wall (denoted as the
1 m-temperature) at this limiting depth are illustrated in Figure 3-4. As shown in the
figure, a double-peak behavior is observed for both positions. The first peak of the
maximum borehole wall temperature history occurs at about 4 years after the wastes are
emplaced. The maximum value achieved is 123.61 OC. The second peak occurs at
25,000 years and has a magnitude of 129.42 OC. For the 1 m-temperature, the first peak
shows up at 15 years with a value of 113.06 OC, and the second peak occurs at 25,000
years with 129.36 oC.
This double-peak phenomenon is caused by the interaction of energy diffusion
from the heat source to the immediately surrounding rock and the accumulation of
thermal energy in the rock itself. Within the first four years, the quick accumulation of
decay energy from the wastes emplaced raises the borehole wall temperature to a
maximum. After that, the effect of heat diffusion overcomes that of the energy
accumulation, and causes the temperature to drop. However, a second competition
occurs after 100 years; the energy diffused to within several meters from the borehole
starts to accumulate more rapidly than it is diffusing out, which causes the borehole wall
temperature to gradually increase to the second peak. These interactions also explain the
behavior of the temperature history at 1 m from the borehole wall. This phenomenon
can be seen in Figures 3-5 to 3-8, which show the changes of radial temperature
distributions at the limiting depth, 2040 m, as time proceeds: particularly the distributions
shown in Figure 3-6. Figures 3-9 to 3-12 present the axial temperature distributions at
the borehole wall. Figures 3-9 and 3-12 also include the pre-emplacement geothermal
temperature profiles, showing how the waste heat affects the natural geothermal field.
The global thermal effects are illustrated in Figures 3-13 to 3-20. Figures 3-13 to
3-16 collect the radially-averaged axial temperature rises above the corresponding pre-
emplacement rock conditions, and Figures 3-17 to 3-20 show the axially-averaged radial
temperature increments. The volume-averaged rock temperature rise, which starts at time
zero, increases to about 35 OC, and gradually decreases after 40,000 years, is also shown
in Figure 3-21.
A simple and approximate relation for the maximum temperature increase at the
borehole wall above the pre-emplacement rock condition, in terms of the thermal
conductivity of the host rock and the initial heat generation rate, can be correlated in
terms of the surface-to-centerline AT in a cylinder having a uniform internal heat source:
TApprox q'(0) f (3-7)
max 4 n krock
where,
q'(0) = linear heat generation rate at the time of emplacement, (w/m),
krock = thermal conductivity of the rock, (w/m OC),
f = semi-empirical correction factor.
For this conceptual borehole design, a value of 7 for f is found. Equation (3-7)
has also been assessed using granite as the host rock, and it proves to be quite consistent
and conservative. Table 3-6 provides the comparisons of the approximate relation with
the HEATING-3 code for both tuff and granite along with the thermal properties of
granite used in HEATING-3 calculations.. The relation is accurate within 10%.
The far-field thermomechanical effect can be evaluated with a preliminary
approach using rock surface uplift as an index. The rock surface uplift is computed by
the following equation [W-4]:
0
AZ = (1O l+v rock AT(z) dz, (3-8)1-v
where,
-H = depth at the bottom of the emplacement zone, i.e., at 2250 m below the
ground surface,
v = Poisson's ratio of the rock,
Frock = coefficient of thermal expansion of the rock, (oC-1),
AT(z) = radially-averaged temperature rise above the pre-emplacement rock
condition as a function of depth, from HEATING-3 calculations.
______I ~ ____
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The calculated rock surface uplift is shown in Figure 3-22. The surface uplift
starts at zero, peaks at 1.13 m at 20,000 years, and then falls back. Equation (3-8) was
also used to compute the rock surface uplift for granite. The surface uplift for granite is
somewhat smaller than that for tuff. The maximum value of 1.01 m occurs at 15,000
years. The thermomechanical properties of tuff and granite are listed in Table 3-7.
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Figure 3-5 Radial Rock Temperatures at Depth of 2040 m (1,4,10, and 30 Years)
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Figure 3-6 Radial Rock Temperatures at Depth of 2040 m (4,50,100, and 250 Years)
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Figure 3-7 Radial Rock Temperatures at Depth of 2040 m (4,500,1000, and 5000 Years)
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Figure 3-8 Radial Rock Temperatures at Depth of 2040 m (10000,20000,30000,40000,
and 50000 Years)
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Figure 3-9 Axial Rock Temperatures at Borehole Wall (0,1,4,30, and 50 Years)
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Figure 3-10 Axial Rock Temperatures at Borehole Wall (4,100,250, and 500 Years)
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Figure 3-11 Axial Rock Temperatures at Borehole Wall (4,1000, and 5000 Years)
~-- 4.0
- -m- - 1000.0
. ........ - ........ . ....... ......-...... ...................
S-- 5000.0
..... .......... . ........... 
.......
-• ..... ........... ; .. ' .......................... . .. . .. .. . I......... ... I 
-.• ........... ".......... ' ....."...........'............ '; ........ •' . " .    
• .......... .......... ....... [...]........... [ ....... ] .... [ . . ..... ...... ..
. ......4.......... ' ....... 4 ........ , ....... { ........... ... 4 ....... , ........ 4  . ... ......
. .................. ........... ........ ......... .......... o ..... • ........ .................. ....f .. .....
- -- - ... . . ! . . .. . . . . . .. . . . . . . . .. .. . . . .. .. .. . 4 .. . .. . .. .. .. .. . . . . . .. . . .. . ..        . .  . I . .  .   
                    ..  
110.0 130.0
~--_-·-·- · I --- ~~-
87
250- PRE-EMPLACE
250
"4 - - 10000.0
------------------------20000.0
.............................. .. . . -. 30000.0
- 40000.0
...- -50000.0
< 750
S2250 - ·- ·-- ·-- ·-- ·--- · ·
..2750 --.........4 0 0
10.0 52-5 95.0 1.37.5 1480.0
TEMPERATURE (C)
Figure 3-12 Axial Rock Temperatures at Borehole Wall (0,10000,20000,30000,40000
and 50000 Years)
and 50000 Years)
I I I - - - - -
Si --o-- .0
E 4.0
--o-- 10.0
CD 1
-4
.. ......... ....... . . .................. ............................
- - --
.................. I.............-
__ _ _ __ _ _ .1 .IIIIII1 1II 1 .(I
250
750
1250
1750
2250
2750
3250
2.0 3.0 4.
TEMPERATURE RISE (C)
0 5.0 6.0
Figure 3-13 Radially-Averaged Rock Temperature Rises at 1,4,10, and 30 Years
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Figure 3-14 Radially-Averaged Rock Temperature Rises at 50,100,250, and 500 Years
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Figure 3-16 Radially-Averaged Rock Temperature Rises at 30000,40000, and
50000 Years
91
91
92
-.- 1rl -i
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0
i I i I I I I I
t. -i-- 1 0.0
-. - ... ............ ......... ........  .. 10 ...
.i i Ii
L- -- 30.0
. i. .
..... ... . ...... ,   .... . .. --..
BOREIOLE WALL N
I-ILI
0.254 4.254
14.0
12.0
10.0
8.0
6.0
4.0
2.0
0.0
10.254 20.254 42.752
RADIAL DISTANCE FROM BOREHOLE CENTER (m)
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Figure 3-18 Axially-Averaged Rock Temperature Rises at 50,100,250, and 500 Years
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Table 3-6 Comparisons of Maximum Borehole Wall Temperature Increase
Rock k pC TATEaxATING ATpox (1) Error (2)
(w/m oC) (MJ/m 3 OC) (oC) (oC) (%)
Tuff 1.6 1.55 33.23 (1st peak) 36.12 8.7
39.04 (2nd peak) -7.5
Granite 2.5 2.50 21.19 (1st peak) 23.1 9.0
22.89 (2nd peak) 0.92
ATApprox _
max
q'(0)f, f =7
4 7C krock
ATApprox -ATHEATING(2) Error = A"max AN x 100 %
THEATINGmaxPIN
Table 3-7 Thermomechanical Properties of Tuff [B-2] and Granite [R-8]
Notes:
(1)
II
I '
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Figure 3-22 Rock Ground Surface Uplift
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3.4 Waste Package Heat Transfer Analysis
3.4.1 Calculation Model
The waste package heat transfer model is a one-dimensional cylindrical geometry
steady-state heat conduction model, which uses the maximum borehole wall temperature
from HEATING-3 calculations as the boundary condition. The internal heat source
strength is the decay power at the time of waste emplacement. This model is simple and
conservative in that the closed form equations can be derived and the analytic solutions
can be obtained readily; and that the use of the higher (i.e. time zero) heat source
associated with the higher (i.e. maximum) boundary temperature contributes to a
conservative analysis.
The geometric layout of this model is shown in Figure 3-23. The model consists
of a spent fuel assembly, a metal or alloy canister, a drill pipe or sleeve, a casing or liner,
and three air layers. The one-dimensional heat conduction equations are:
d2T 1 dT q ,dr 2  r dr
d2 T + 1 dT 0,
dr2  r dr
d2T + I_ =d 0,
dr2  r dr
d2 T + 1 dT 0,dr2  r dr
d2 T + 1 dT_ 0,dr2 r dr
d2T +1dT =0,dr2 r drdr2_ r dr
for 0 5 r 5 R1,
for R1 < r < R2
for R2 <r • R3
for R3 < r 5 R4
for R4 < r 5 R5
for R5 < r R6
for R6 < r < R7
(3-9)
(3-10)
(3-11)
(3-12)
(3-13)
(3-14)
(3-15)
where,
-r i
'ii
100
q"' = effective heat source strength, (w/m 3),
f = effective thermal conductivity for the spent fuel assembly, or the canister
internals, (w/m OC),
R1 = inner radius of the canister, (m),
R2 = outer radius of the canister, (m),
51 = R3 - R2 = thickness of air gap #1, (m),
R4 = outer radius of the drill pipe or sleeve, (m),
62 = R5 -R4 = thickness of air gap #2, (m),
R6 = outer radius of the casing or liner, (m),
63 = R7 - R6 = thickness of air gap #3, (m),
R7 = radius of the borehole, (m).
The general solutions to eqs. (3-9) to (3-15) are:
q r2+Clnr+C 2, for05r<R 1
4 kO
Ci In r + Ci+1, for Rj < r 5 Rj,+, i = 3,5,7,9,11,13, j = 1,2,3,4,5,6
The undetermined coefficients C1, C2 ,..., and C14 can be found from the boundary
condition at the borehole wall (i.e., at r = R7):
T7 = T(r=-0.254 m, z=2040 m, t=tma) from HEATING-3, (3-17)
and equations describing the heat flows across the air gap between the casing and rock;
across the casing; across the air gap between the sleeve and casing; across the sleeve;
across the air gap between the canister and sleeve; across the canister wall; as well as
across the canister:
2xnR60(T -T) 2xkgap3 (T6-T7)q 2=tR 6G(T6-T7) + + 2 7lR6hgap3 (T6-T7), (3-18)1-E6 1-E7R6  1 hR7
E6 E7 R7  F6-7 R6
S= 2kcasing (T5-T 6)qR6 , (3-19)IR 6
\R5
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2xR4 T4~5) 2tkgap2 (T4-Ts)q 2= R4( 4 ,4-T) + + 2 tR4hgap2 (T4-T5), (3-20)
+ +R1-e4 1-15 R5  1 R)
E4 E5 R4  F4-5 R4
2. ksleeve (T3-T4) (3-21)
2nR2rT2-T4) 2nkgapl (T2-T3)q 2 2-3) + + 2lLR2hgapl (T2-T3), (3-22)
1-E2 l-13 R2 1 In_ R3)E2 + + 
E2 E3 R3  F2-3  R2)
2qtkecanister (Ti-T2) (3-23)
q' = 4tkf(Tmax-Ti), (3-24)
where,
q' = linear heat generation rate, q"' ,tR1, (w/m),
Tmax = maximum spent fuel temperature, i.e. the centerline temperature of the
canister, (OC),
T1 = temperature at the inner surface of the canister, (oC),
T2 = temperature at the outer surface of the canister, (OC),
T3 = temperature at the inner surface of the sleeve, (OC),
T4 = temperature at the outer surface of the sleeve, (OC),
T5 = temperature at the inner surface of the casing, (oC),
T6 = temperature at the outer surface of the casing, (OC),
kcanister = thermal conductivity of the canister, (w/m oC),
ksleeve = thermal conductivity of the sleeve, (w/m oC),
kgap1, kgap2, kgap3 = thermal conductivities of air gap 1, gap 2, and gap 3,
respectively, (w/m OC),
hgap1, hgap2, hgap3 = effective heat transfer coefficients of air gap 1, gap2,
and gap 3, respectively, (w/m 2 oC),
-2, -3 (=E4), E5 (=:6), E7 = emissivities of the canister, sleeve, casing, and rock,
respectively,
F2 -3, F4 -5 , F6-7 = shape/view factors between the canister and sleeve, between the
sleeve and casing, and between the casing and rock, respectively,
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a = Stefan-Boltzmann constant, 5.6697 x 10-8 w2/m 2 oK4 .
To a first but fairly good approximation, the effective heat transfer coefficient of
air gaps can be related to the fill-gas thermal conductivity via:
hgapi- kgapi, (i=1,2,3), (3-25)
where,
8i = thickness of air gap i as defined previously, (m).
This approximation has been made by Roglans-Ribas and Spinrad [R-7] and is justified in
their study for gap thickness less than about 3 cm. In eqs. (3-18), (3-20), and
(3-22), three modes of heat transfer: radiation, convection, and conduction, are
considered explicitly.
The final solutions to eqs. (3-9) to (3-15) are:
q r2 +T max, for 0 rR1,
4xIkR 2
T = (3-26)
Ti+1 - Ti In r + Ti+1 _ Tiz - Ti In Ri+1 , for Ri < r < Ri+l, i = 1,2,3,4,5,6
Ri(l )Ri )
where Tmax, T1, T2,..., and T6 are obtained from eqs. (3-24), (3-23), (3-22), (3-21),
(3-20), (31-19), and (3-18), respectively.
Due to the non-linear properties of eqs. (3-18), (3-20), and (3-22), which involve
the temperature drops across three air gaps, an efficient iteration method is applied in the
calculation procedure. The calculation flow path is shown in Figure 3-24. After feeding
in all necessary data, the flow comes to air gap 3, at which the iteration is initiated. The
iteration scheme used is the well-known Newton's method. The initial temperature guess
is computed with the assumption that the radiative heat transfer is the only way the heat is
transferred through the air gap. Because the dominant mode of heat transfer through
these air gaps is radiation, iteration with this good initial guess is both efficient and
accurate. After the iteration is converged, T6 is obtained. Then, T5 is found from
__ _
103
eq. (3-19). Repeating this procedure from the outer layers toward the center of the
borehole, temperatures at these seven radial positions are computed. Finally, the analytic
temperature distribution for the waste package is obtained.
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Figure 3-23 One-Dimensional Waste Package Heat Transfer Model
!
"
r
Input q', R1, R2,...,R6, T7,
k-eff, k-canister,....
Compute T6 using
Newton's Method
A
Compute T5
Repeat block A, from outer
layers to center
Tmax, T1,...T6
T(r)
Figure 3-24 Calculation Flow Path for Waste Package Heat Transfer
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3.4.2 Effects of SiC Pebble Bed as Canister Fill Material
Inert gases such as He, Ar, or N have been considered as the candidate fill gas in
the canister [D-2] to prevent the corrosion of the internal compartments of the waste
canister in the Yucca Mountain project. Hancox [H-3] has suggested use of small glass
balls as the fill material to prevent the canister from crushing in the Canadian HLW
disposal study. In the present work, the candidate fill material is small SiC particles: the
canister void space is filled with these SiC particles to prevent crushing and at the same
time, to provide sufficient heat transfer through the canister to avoid over-heating. .
The effective thermal conductivity of the canister internals (i.e., spent fuel rods
and SiC particle bed) is calculated using a method developed for obtaining the effective
thermal conductivity of a heterogeneous prismatic MHTGR core block [H-4]. This
effective thermal conductivity is related to the thermal conductivities of the spent fuel
rods and SiC particle bed via:
f = (1+v) ksf + (1-v) ksic ki (3-27)
(1-v) ksf + (l+v) ksic
where,
v = volume fraction of the spent fuel rods,
ksf = thermal conductivity of the spent fuel rods, (w/m oC),
ksiC = effective thermal conductivity of the SiC particle bed, (w/m oC).
The effective thermal conductivity of the SiC particle bed was obtained from
measurements using a simple apparatus as described in Appendix B. The measured
thermal conductivity of the SiC bed is 0.329 w/m OC (or 0.19 Btu/hr-ft-OF), which is
almost exactly 10 times that of air (0.03 w/m OC, or, 0.018 Btu/hr-ft-OF). Using typical
PWR fuel rod dimensions and conservatively assuming that the positions of fuel rods are
replaced by air, the effective thermal conductivity of the canister internals is computed as
follows:
d = diameter of a PWR fuel rod, 0.95 cm,
R1 = inner radius of the waste canister, 17 cm,
v = volume fraction of the spent fuel rods,
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17 x 17 x = 2 0.226,
ksic = 0.329 w/m oC,
ksf=kair=0.03 w/m oC,
- =(1+0.226)x0.03+(1-0.226)x0.329k- 2 x 0.329(1-0.226)x0.03 + (1+0.226)x0.329
= 0.225 w/m oC.
This value can be compared with Manteufel's studies [M-6]. In his studies, the
effects of various inert gases on the effective thermal conductivity of a spent fuel cask
were surveyed. The effective thermal conductivity increases with temperature and differs
among various inert gases as shown in Figure 3-25. Among several candidate fill gases,
helium is the most efficient one, and argon, the least. Comparing the effective thermal
conductivity as computed above with the data specified shows that SiC particles are as
good as Ar (which is the currently specified fill gas in the Yucca Mountain project [D-2])
and N2, for temperatures below about 150 0C. However, at higher temperatures, radiation
enhances the effective thermal conductivity, and SiC particles - since they cut off the
radiation, are less effective than the inert gases.
Other benefits of an SiC bed as a canister fill material include:
(1) it pours freely and is an inert, non-toxic material;
(2) it is very resistant to radiation; SiC is in fact the coating used for HTGR fuel
particles;
(3) it has good resistance to attack by high temperature (- 300 OC) water; SiC is a
premium bearing material for PWR coolant pumps, and superior to graphite in such
service;
(4) as a commercial abrasive, it is very hard/strong/crush resistant.
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3.4.3 Results
Figure 3-26 shows the temperature distribution from the analysis of the waste
package heat transfer model. The necessary data - heat source strength, geometric
dimensions, thermal properties, and boundary conditions, are provided in Table 3-8. In
this study, a sleeve of standard 16" casing and a liner of standard 18-5/8" casing are used.
The canister material is stainless steel 304L, which was recommended by O'Neal
[0-2] as one of the top ranking materials for waste packages. Stainless steel properties
are also used for the sleeve and liner: a conservative assumption, because the thermal
conductivity of stainless steel is less than that of carbon steel..
The center-line temperature of the waste canister is about 190 0C, and the
temperature drop across the canister is about 370C. The average canister wall
temperature is approximately 154 0C. The temperature drops across the three air gaps are
80C, 90C, and 80C, respectively. Also shown in the figure is the effect of the spent fuel
rods on the heat transfer through the canister. Neglecting the contribution of spent fuel to
the effective thermal conductivity gives a higher temperature rise in the canister, by
- 17 OC, and thus is an added degree of conservatism.
Table 3-9 compares the temperature drop across the waste canister for a SiC fill
with that for nitrogen and argon. The effective thermal conductivities for these two inert
gases are the values at the average temperature of the canister internals of about 1710C,
which are 0.288 w/moC for nitrogen, and 0.237 w/m OC for argon, respectively. As
shown in the table, the computed temperature drop increases by about 20C relative to the
Ar case and by about 90 C versus the nitrogen case, which is less than the effect of
neglecting fuel rod conduction. Based on these results, SiC should be a suitable fill
material in terms of preservation of a satisfactory thermal environment inside the canister.
, ji
W !
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Table 3-8 Data Used for Waste Package Heat Transfer Analysis
Material Radial Dimensions Thermal Emissivity
(m) Conductivity
(w/m OC)
Canister Internals 0.0000 - 0.1700 0.225
Canister 0.1700 - 0.1800 16.0 [P-2] 0.6 [P-2]
Air Gap 1 0.1800-0.1937 0.03 [P-2]
Sleeve 0.1937 - 0.2032 16.0 [P-2] 0.6 [P-2]
Air Gap 2 0.2032 - 0.2254 0.03 [P-2] -
Liner/Casing 0.2254 - 0.2360 16.0 [P-2] 0.6 [P-2]
Air Gap 3 0.2360 - 0.2540 0.03 [P-2]
Rock (Tuff) 0.2540 - 54.000 1.60 [0-2] 0.6 [P-2]
Material Shape/View Factor
Canister - Sleeve 0.8 [P-2]
Sleeve - Casing 0.8 [P-2]
Casing - Rock 0.8 [P-2]
g' (w/m) 103.73
Borehole Wall Temperature (OC) 129
Age of Waste at Emplacement (Yr) 10
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Figure 3-26 Waste Package Temperature Distribution
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Table 3-9 Effects of SiC Bed on Canister Temperature Drops and Reaction Rates
Notes:
(1) AT=Tmax-Ti=Temperature rise between wall and centerline
(2) SiC case excludes effect of conduction inside fuel pins
(3) N2 and Ar cases include effect of radiation
Case AT (oC)
SiC as Fill Material 37
Nitrogen as Fill Gas 28
Argon as Fill Gas 35
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3.5 Assessment of Results
The results of the thermal analyses described above are compared with the
thermal criteria cited in [D-3, W-4]. Table 3-10 summarizes these limits. Currently, no
specific and quantitative limits are available for the deep drillhole repository concept,
although some qualitative statements have been suggested in the earlier literature [W-1].
For this preliminary evaluation, the criteria as listed in the table, which are based on
mined geologic disposal concepts such as the Yucca Mountain site, are adopted. The
results of this survey shows that the limits are satisfied in terms of very-near-field and
near-field temperatures. For the far-field case, the surface uplift of about 1.13 m, though
higher than that for a mined geological repository, is still below the limit of 1.2 m.
Figure 3-27 shows a typical temperature distribution for the Yucca Mountain site
as calculated by O'Neal [0-2]. The peak center-line temperature of the canister is about
322 OC (the limit is 350 OC), the peak canister temperature is about 245 OC, the peak
borehole temperature is 236 OC, and the peak temperature at 1 m from the borehole
surface is about 188 OC. The maximum surface uplift computed from a far-field model in
[B-2] is about 0.33 m. Apparently, the deep drillhole concept examined here provides a
better thermal margin than the Yucca Mountain configuration, in terms of these
temperature values. On the other hand, more rigorous models may be required to re-
evaluate the far-field effects. More specific and quantitative safety criteria and limits
with respect to the deep drillhole concept need to be identified, as well.
-----------
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Table 3-10 Thermal and Thermomechanical Limits for Conceptual Design Studies
[D-3, W-4]
Event Limits
Far-Field Considerations
Maximum uplift over repository 1.2 to 1.5 m
Temperature rise at surface 0.5 OC
Temperature rise in aquifers 6 OC
Near-Field Considerations
Room closure during ready retrievability 10 to 15% of original room opening
period -- salt
Room stability -- granite, basalt rock 2 within 1.5 m of openings
strength-to-stress ratio
Room stability -- shale with continuous 1 within 1.5 m of openings
support rock strength-to-stress ratio
Pillar stability -- non-salt strength-to-stress 2 across mid-height of pillar
ratio
Very-Near-Field Considerations
Maximum HLW temperature as vitrified 500 OC
waste
Maximum spent fuel pin temperature 300 OC
Maximum canister temperature 375 OC
Maximum rock temperature 250 oC to 350 oC
Maximum fracture of non-salt rock 15 cm annulus arround canister
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Figure 3-27 A Typical Temperature Distribution for the Yucca Mountain Site [0-2]
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3.6 Chapter Summary
This chapter provides a preliminary evaluation of thermal effects associated with
a conceptual unit-cell of a deep drillhole system. Table 3-11 summarizes the main
results. The results were compared with a set of thermal criteria and with currently
available data for the Yucca Mountain site.
These preliminary results show that the deep drillhole concept is attractive in
terms of thermal effects. However, a more detailed investigation of far-field effects and
refinement of suitable safety criteria should be undertaken in subsequent studies.
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Table 3-11 Main Results of Thermal Analysis
k
Waste Package (or Very-Near-Field)
Centerline Temperature of Canister (OC) 190
Canister Temperature (OC) 154
Near Field
Maximum Borehole Wall Temperature
First Peak Temperature (oC) 123.6
Peak Time (Years) 4
Second Peak Temperature (OC) 129.4
Peak Time (Years) 25,000
Temperature at im from the Borehole
Surface
First Peak Temperature (OC) 113.1
Peak Time (Years) 15
Second Peak Temperature (oC) 129.4
Peak Time (Years) 25,000
Far-Field
Maximum Rock Surface Uplift (m) 1.13
Peak Time (Years) 20,000
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Chapter 4 Radionuclide Retention and Geophysical Logging
4.1 Introduction
The extent to which the radionuclides are retained is one of the major concerns for
designing a HLW repository. It is often described in terms of the groundwater travel
times and radioactive releases into the accessible environment. Groundwater flow is the
most likely means for the movement of substantial amounts of radioactive contaminants
from the waste-emplacement area to the accessible environment. The regulations of the
Nuclear Regulatory Commission [N-1] require that the pre-waste-emplacement
groundwater travel time along the fastest path of likely radionuclide travel from the
disturbed zone to the accessible environment shall be at least 1,000 years. The
Environmental Protection Agency [E-4] also sets the criteria that limit the amounts of
radionuclides escaping into the accessible environment for the first 10,000 years after
permanent closure of the repository.
In evaluating the overall performance for a repository, probable release scenarios
should be identified. The overall system performance for a deep borehole system is not
assessed at this stage of preliminary research. However, some probable release scenarios
for the deep borehole concept will be addressed.
Both the groundwater travel times and the radioactive releases depend upon the
hydraulic properties of geologic units through which water flows, hydrologic conditions
at the site, and the length of flow paths. All these parameters are in turn sensitive to
specific site characteristics, which can vary significantly. Hence site characterization is a
major requirement in the analytic process applied to assure meeting retention criteria.
The determination of in situ geohydrologic data relies upon extensive employment of the
techniques of geophysical logging in deep borehole disposal of HLW.
Hence this chapter concentrates on the topics of radionuclide retention and
geophysical logging. Section 4.2 assesses the groundwater travel times and radioactive
releases for a hypothetical deep borehole system, section 4.3 briefly discusses some
probable release scenarios which are important in overall performance assessments, and
section 4.4 addresses the application of geophysical logging to validate analyses for
radionuclide retention.
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4.2 Preliminary Estimates of Groundwater Travel Time and Radionuclide Transport
4.2.1 Groundwater Travel Time
In general, radionuclides leached from the engineered barriers can not travel faster
than the groundwater. Hence, the groundwater travel time between the underground
repositories and the accessible environment sets a minimum time before releases of
radionuclides can occur, and provides a basis for estimating the quantity of such releases
thereafter.
The calculation of groundwater travel times depends on the basic one-dimensional
steady-state Darcy flow equation [B-3], which expresses a flow through a porous rock as
q = -K d, (m/s), (4.1)dl
where,
q=specific discharge or flux (m/s),
K=hydraulic conductivity (m/s),
=K'pg/ip,
K'=permeability (m2 ),
p=density of fluid (kg/m3),
jt=viscosity of fluid (kg/m s),
h=hydraulic head, which is the sum of pressure head, 0I, and elevation head, z,
(m),
l=distance along the flow direction, (m).
The average linear pore velocity of groundwater, v, may be obtained from
v = , (m/s), (4.2)
E
where E is the effective porosity (volume of interconnected pore space) available for fluid
transmission. Given the effective velocity, the groundwater travel time, GWTT, along a
given path may be calculated as
(4.3)GWTT = , (yr),V'
71~
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where d is the linear distance of the flow path between two points.
Sinnock [S-3] has adopted eqs. (4.1) to (4.3) to calculate the groundwater travel
time distribution at the Yucca Mountain site, associated with a probabilistic approach to
the hydraulic conductivity and the effective porosity. For a preliminary evaluation here, a
deterministic approach is taken for simplicity. Most data and assumptions used in
calculating the groundwater travel time, GWTT, are directly adopted from [S-3]. It is
assumed that a hypothetical deep borehole repository is located 1000 m below the
surface. The only flow path hypothesized is that along the vertical direction to the
ground surface. The shortest distance for groundwater flow is the 1000 m which extends
from the top of the waste emplacement zone (which covers from 1000 m to 2250 m
below the ground surface) to the earth's surface. Figure 4-1 illustrates a sketch of this
hypothesized flow path. The driving head is the upward buoyancy gradient due to the
thermal expansion of water [W-4], which is computed by
Vhb= PwaterAT(z) D , (4.4)
where,
lwater=coefficient of thermal expansion of water, (oC-1),
AT(z)=radially-averaged axial temperature rise (OC),
D=depth of the borehole, (m).
The temperature-rise distribution is adopted from HEATING-3 calculations as
described in chapter 3. The Owater is taken as the value at 100 OC, which is about
7.3 X 10-4 oC-1, and D is 2250 m. The calculated Vhb is shown in Figure 4-1. It rises
gradually following waste emplacement to a maximum of 0.026 at 20,000 years, and then
declines. Also shown in the figure is the buoyancy gradient for granite as a comparison.
For granite, the maximum value is about 0.016.
The hydraulic conductivity, K, and the effective porosity, e, both taken directly
from [S-3], are 2.29 X 10-11 m/s, and 0.1062, respectively. These data are for the
Topopah Spring unit, which is the major disposal area for the Yucca Mountain repository
site.
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Using a maximum buoyancy gradient of 0.026, the calculated specific discharge,
q, is 1.88 X 10-5 m/yr. The calculated effective linear velocity, v, is 1.77 X 10-4 m/yr.
Hence, the estimated groundwater travel time, GWTT, is about 5.6 X10 6 years, which is
substantially greater than the limit of 1,000 years. The effects of hydraulic conductivity,
buoyancy gradient, and effective porosity on the groundwater travel time were also
studied, using data for various hydrologic units identified in [S-3]. The results are
provided in Table 4-1. Even with the worst combination of K, e, and Vhb, the estimated
groundwater travel time of 1908 years is still acceptable. Also note that one site, Chnz, is
available with even better (factor of ten) performance, and that the cases studied do not
exhaust the local conditions available to the deep borehole concept.
'I
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Figure 4-1 A Sketch of Hypothesized Groundwater Flow Path for a Deep Borehole
System
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Table 4-1 Effects of K, Vhb, and E on GWTT
Hydrological E K (m/s) Vhb q (m/yr) v (m/yr) GWTT
Unit (yr)
Tsw 0.1062 2.290E-11 0.026 1.88E-5 1.77E-4 5.6E+6
0.1062 2.290E-11 1.000 7.22E-4 6.80E-3 147091
Chnv 0.3239 3.398E-9* 0.026 2.79E-3 8.60E-3 116254
0.3239 3.398E-9 1.000 0.11 0.340 2944
Chnz 0.2693 1.696E-11 0.026 1.39E-5 5.16E-5 1.94E+7
0.2693 1.696E-11 1.000 5.35E-4 1.99E-3 503364
PPw 0.2382 2.782E-9 0.026 2.29E-3 9.60E-3 104108
0.2382 2.782E-9 1.000 0.088 0.369 2707
PPn 0.2500 6.861E-10 0.026 5.72E-4 2.290E-3 437063
0.2500 6.861E-10 1.000 0.022 0.088 11364
PFw 0.2251 3.756E-9 0.026 3.07E-3 0.0136 73370
0.2251 3.756E-9 1.000 0.118 0.524 1908
* : The data x.xxxEFyy are read as x.xxx X 10±yy
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4.2.2 Radionuclide Transport
Two simple analytical models are used for calculating the cumulative release for
radionuclide transport in the groundwater which flows through either an interstitial pore
or a fracture. The first model solves the one-dimensional radionuclide transport equation
for interstitial flows. The second one gives the analytical solutions to a set of coupled
one-dimensional equations for fracture flows.
4.2.2.1 One-Dimensional Interstitial Flow Model
The one-dimensional transport equation for interstitial flow, assuming no decay
precursors, and considering the hydrodynamic dispersion effect, is
v _ D +kiCi, (4.5)
at Ri Ri
where,
Ci(z,t)=concentration of the i-th radionuclide at position z, and time t, (kg/m3),
v=effective linear pore velocity, (m/yr),
Ri=retardation factor for the i-th radionuclide,
ki=decay constant for the i-th radionuclide, (yr- 1),
D=hydrodynamic dispersion coefficient, (m2/yr).
The applied initial and boundary conditions are
Ci(0,t) = Co e-At, Ci(oo,t) = 0, (4.6)
Ci(z,O) = 0, (4.7)
where,
Co=initial concentration, (kg/m3),
_MRi
qAR
MRi=initial mass release rate of the i-th radionuclide, (kg/yr),
q=specific discharge or flux, (m/yr),
AR=projection of the repository area onto the plane of the water table, (m2 ).
o
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The solution to eq.(4.5), obtained by Laplace transformation, is
z-Vt (z +Vt
Ci(z,t) = •e - t erfc Ri+ exp (VZ erfc Ri i (4.8)2 2 Dt D 2 IFD
where erfc(...) is the complementary error function.
In Sinnock's report [S-3], only three radionuclides with unity retardation factors
are considered, namely, C-14, Tc-99, and 1-129. The initial mass release rate, adopted
from [S-3], can be computed by
NqAMRi = NqAi mi(0), (4.9)
Mo
where,
N=total number of waste canisters,
A=effective water-intercept area for the canister, which can be taken to be the
projected area of the canister in a plane perpendicular to the direction of flow,
(m2),
S9=min(Sm,Si), (kg/m3),
Sm=solubility limit of U0 2, (kg/m3),
Si=solubility limit of the compound bearing the i-th radionuclide, (kg/m3),
Mo=mass of the spent fuel matrix remaining in a canister at time of closure, (kg),
mi(O)=mass of the i-th radionuclide remaining in a canister, at time of closure,
(kg).
The cumulative release is then computed by
Di(z,t) = AR f xi q Ci(z,t) dt, (4.10)
where,
Di(z,T)=cumulative release at position z, and at time T, (Ci),
ai=specific activity for the i-th radionuclide, (Ci/kg).
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The model is first used to calculate the cumulative releases of C-14, Tc-99, and
1-129 for the Yucca Mountain site as a validation of the application to the deep borehole
concept. In Sinnock's research on the Yucca Mountain site [S-3], the flow path along
which the radionuclides transport is the downward percolation of water through the
unsaturated zone below the repository, which is different from the basic assumption of
upward buoyancy flow for the groundwater travel time calculation for the deep borehole
concept, as described in section 4.2.1. The input data are listed in Table 4-2. Figures 4-3
and 4-4 show the calculated concentrations of C-14, Tc-99, and 1-129. The estimated
cumulative releases, along with the results from [S-3], are compared in Table 4-3. In
Sinnock's model [S-3], the effect of hydrodynamic dispersion was treated
probabilistically, and the position z was implicitly replaced by a mean groundwater travel
time, which is also considered in a probabilistic way. As can be seen from Table 4-3, the
model developed here produces relatively accurate results as compared with the reference
data. The relative error is less than 1%.
The only difference between a hypothetical deep borehole system, as described
briefly in chapter 3 and section 4.2.1, and the Yucca Mountain site, in terms of
cumulative releases, is the initial mass release rate, as can be seen from eq. (4.8), if the
effective groundwater velocity and the hydrodynamic dispersion coefficient are the same.
Therefore, for a preliminary evaluation of the deep borehole concept, we only need to
compare the mass release rates. The ratio of these rates, after some algebraic
manipulation, can be expressed as
MRDB YS 2YMSMRDB Y MS  YM  M , (4.11)
MRYMs AYM B dyms B
where the superscripts DB and YMS represent the deep borehole system and the Yucca
Mountain site, respectively, and the d's are the inside diameter of the waste canisters.
After inputting suitable data, dDH=0.34 m, dMs--0.65 m, MoYMS=3.33 MT, and
MoDH=0.46 MT, we obtain
DBMRDB = 1.981 = 2.0 (4.12)
MRYMs1~
So, as a first but conservative approximation, the cumulative release for a deep
--~II
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borehole system is about twice that for a comparable mined geological system such as the
Yucca Mountain site. This factor is conservative. However, as can be seen from the
10CFR60 limits collected in Table 4-4, the estimated releases are negligible. The
approach above may be too conservative. In setting up the 1-D model, we assume a
semi-infinite medium with the repository as a plane source located at z=0. This
assumption may be acceptable for a mined geological system: all the waste canisters are
emplaced in a single layer which is several hundreds meters below the ground, whereas a
single canister is only several meters high. For a deep borehole system with a waste-
emplacement zone about 1000 m long, the plane layer assumption may no longer be
valid. In deriving eq. (4.11), we implicitly assume that the effect of multiple layers of
waste-emplacement on the cumulative releases can be represented as a summation over
the individual effect due to each layer. This assumption, obviously, did not take into
account any enhanced retention mechanism due to increased barrier effectiveness, which
could occur when groundwater flows through a borehole. In addition transversal
dispersion is not considered - all motion is vertical, whereas isolated boreholes have a
significant potential for radial rather than axial dispersion.
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Table 4-2 Input Data for I-D Interstitial-Flow Model for Yucca Mountain Site
Nuclide X (yr-1) R (oi (Ci/kg) S (kg/m3) mi(0) (kg) Ref.
C-14 1.21X10 -4  1 4450 0.05 6X10-4  [S-3]
Tc-99 3.22X10-6  1 17 0.05 2.55 [S-3]
1-129 4.36X10 - 8 1 0.174 0.05 6.32X10- 1 [S-3]
N 21,000 [S-3]
Mo (MT) 3.33 [S-3]
D 0.01 [D-2]
(m2/y)
v (m/yr) 4.71 X 10-3  [S-3]
q (m/yr) 5.0 X 10-4  [S-3]
A (m2 ) 0.332 [S-3]
AR (m2) 1.0* [S-3]
* : AR is actually a dummy variable, so it is arbitrarily set to unity.
"I
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q=5.OX10 "4m/yr, =--0.1062, GWTT--4765 yr,
k=121X10 '4 yr .', R=1, D=0.01 m2/yr,
Mass release=3.14X10 4 kg/yr
2.500 10-s
2.000 10-5
1.500 10-s
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100000
Figure 4-3 C-14 Concentration for Yucca Mountain Site Computed by 1-D
Interstitial-Flow Model
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q=5.OX10 "4m/yr, D=0.01 m2/yr, E=0.1062, GWTT=4765 yr,
X (yr 1)=3.22X10 (Tc.-99), 4.36X10 (1-129),
Mass release (kg/yr)=1.33X10 4 (Tc-99), 3.31X10 -s (1-129), R=1.0
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Figure 4-4 Tc-99 and 1-129 Concentrations for Yucca Mountain Site Computed by 1-D
Interstitial-Flow Model
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Table 4-3 Comparisons of 1-D Interstitial-Flow Model with Sinnock's Model
Notes:
(1) z=22.4 m = 4765 q / E, q=5 X 10 -4 m/yr, e-0. 1062
(2) Mean groundwater travel time=4765 years,
standard deviation of this travel time=1920 years,
Nuclide Time Cumulative Releases (Ci) Error (%)
(years)
1-D Model (1) Sinnock's Model (2)
C-14 10,000 0.32497 0.32231 0.83
100,000 0.66754 0.66663 0.14
Tc-99 10,000 11.6830 11.6168 0.57
100,000 182.80 183.26 -0.25
1-129 10,000 0.03043 0.03013 0.98
100,000 0.5478 0.5469 0.17
11
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Table 4-4 Partial List of 10CFR60 Radionuclide Release Limits
Nuclide 10CFR60 Limit Total Repository Limit *
(Ci/MTHM) (Ci)
C-14 0.1 7,000
Tc-99 10.0 700,000
1-129 1.0 70,000
* : Assume total inventory of 70,000 MTHM
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4.2.2.2 One-Dimensional Fracture Flow Approach
In this fracture-flow model, a deep borehole system is assumed to be sited below
the groundwater interface and the water table. A fully saturated fractured medium is
considered, and the horizontal advective groundwater velocity is neglected. The
assumptions used are the same as those for an islet site as discussed by Chen [C-4].
Matrix diffusion is assumed to be the dominant mechanism of radionuclide transport in
the horizontal direction. In the vertical direction, radionuclide transport is dominated by
upward buoyant convection flow along a vertical fracture. The fractures in question
could be either in the emplacement medium or in the material used to plug the borehole.
Adsorption onto the surface of and within the matrix is also considered. A set of coupled
one-dimensional equations, which is adopted directly from [C-4], is given as
aCv VbaCv + XCv-_O (aCH = 0, (4.13)
at R az bR at x=b
aCH D 2CH+ HCH = 0, (4.14)
at R' ax2
where,
Cv=radionuclide concentration in the upwardly vertical direction, (kg/m3),
CH=radionuclide concentration in the horizontal direction, (kg/m3),
Vb=velocity of vertical groundwater driven by thermal gradient, (m/yr),
R=surface retardation factor,
R'=matrix retardation factor,
b=half fracture aperture, (m),
D=effective micropore diffusion coefficient, (m2/yr),
0=micropore porosity,
X=decay constant, (yrl).
The initial and boundary conditions are
Cv(0,t)=e -kt ,  (4.15)
Cv(z,0)=0, (4.16)
Cv(oo,t)=0, (4.17)
_/i
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CH(b,z,t)= Cv(z,t), (4.18)
CH(x,oo,t)=O, (4.19)
CH(x,z,O)--O (4.20)
The solutions for radionuclide concentrations, CV and CH, are given as
Cv = H(T2) e-Xt erf ~,z (4.21)
CH H(T 2) e•t erf T), (4.22)
Co
where,
A= bR
B= Rz + (x-b) -
VbA D'
T= /~Rz
H(T 2) = Heavyside step function
S0, T2 <0
1, T2 0 2
The cumulative releases in the vertical and horizontal directions are again
computed by eq.(4. 10), except that for the fracture-flow case, AR is the total cross-
sectional area of the fractures. The effective groundwater velocity through a vertical
fracture is given as
Vb = q = Kfr Vhb, (4.23)
where,
Kfr=hydraulic conductivity for fracture flow, (m/yr),
Vhb=buoyancy gradient due to thermal expansion of water.
For fracture flow, the porosity of the open fracture is unity. Both the hydraulic
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conductivity and fracture aperture have larger uncertainties than those for interstitial flow,
and experimental and theoretical investigations have been made [I-1] to determine these
data. In general, they decrease with depth. However, for depths below about 1000 m or
even smaller, there is hardly any existing data base. For this preliminary study, available
data from the Yucca Mountain site [D-2] are used. The typical fracture aperture extends
from 16 to 240 .tm, with average around 90 gLm. The hydraulic conductivity covers an
even larger domain, from about 5 X 10- 5 m/s down to less than 10-9 m/s. The input data
for this fracture model are provided in Table 4-5. For conservative estimates, the
maximum value of 5 X 10-5 m/s for the hydraulic conductivity, and a 100 jim fracture
aperture, are used. The diffusion coefficient, D, and the micropore porosity, 0, are taken
directly from [C-4]. The groundwater velocity is computed using a buoyancy gradient of
0.026, as established in the previous sections of this chapter. Figure 4-5 shows a sketch
of the flow path along vertical fractures for this preliminary analysis. Figures 4-6 to 4-11
show the calculated relative concentrations Cv/Co and CH/Co for C-14. Figures 4-6 and
4-7 illustrate the concentrations versus time at different x- and z-coordinates,
respectively. Figures 4-8 and 4-9 show CHICo along horizontal direction at times of
10,000 and 100,000 years, respectively. Figures 4-10 and 4-11 collect Cv/Co along the
vertical direction at 10,000 and 100,000 years, respectively. Apparently, the upward
buoyant convection flow enhances the vertical radionuclide transport; whereas,
neglecting the horizontal advective groundwater velocity makes the horizontal direction a
far less efficient pathway for radionuclide transport.
In order to calculate the cumulative releases, we need to know the initial
concentrations, Co. A first approximation is to use the available data for the Yucca
Mountain site [D-2]. Table 4-6 lists the maximum estimated concentrations in effluent
water exiting the engineered barrier system, for C-14, Tc-99, and 1-129. The calculated
cumulative releases along the vertical direction are shown in Figures 4-10 to 4-12. The
calculations are based on the assumption that a hypothetical deep borehole system
consists of about 610 boreholes, and that one vertical fracture is produced for each
borehole. The fracture is treated as an infinite cylinder having a diameter of 100 gim. As
can be seen from the figures, the estimated cumulative releases decrease nearly
exponentially with vertical distance above the repository. For example, at a depth of 500
m (which is about the same scale as that for a mined geological repository), the
cumulative release is about 410 times that for a depth of 1000 m, at 10,000 years, for
C- 14; 355 times for Tc-99, and 344 times for 1-129. It is obvious that the deep borehole
concept offers a far better environment for radionuclide retention than does a shallower
---------------
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mined geological repository such as the Yucca Mountain site.
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Table 4-5 Input Data for 1-D Fracture-Flow Model for a Deep Borehole System
Parameter Value Ref.
Vhb 0.026
Kfr (m/s) 5 X 10-5 [D-2]
2b (pm) 100
D (m2/yr) 0.01 [C-4]
R 1 [C-4]
R' 1 [C-4]
0 0.01 [C-4]
-7i;
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Figure 4-5 A Sketch of Groundwater Flow Path Along Vertical Fractures for a
Deep Borehole System
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C-14, Kr,=5.0Xl0 -s m/s, Ab=0.026, 2b=100 um,
D=0.01 m2/yr, 0=0.01
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Figure 4-6 C-14 CH/Co vs. Time
0
141
C-14, Kf =.0X10 -s m/s, Ahb=--0. 026, 2b=100 pm,
D=0.01 m2/yr, 0=0.01
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Figure 4-7 C-14 Cv/Co vs. Time
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C-14, Kr=S.0Xl0 - m/s, Abb=0.026, 2b=100 p.m,
D=0.01 m2/yr, 0=0.01, T=10,000 years
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Figure 4-8 C-14 CH/Co vs. x at 10,000 Years
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C-14, Kfr-5.0X10 s m/s, Ahb=0.0 26, 2b=100 gm,
D=0.01 m2/yr, 0=0.01, T=100,000 years
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Figure 4-9 C-14 CHI/Co vs. x at 100,000 Years
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C-14, Kr=5.OX10 min/s, Ahb=0.026, 2b=100 am,
D=0.01 m2/yr, 0=0.01, T=10,000 years
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Figure 4-10 C-14 Cv/Co vs. z at 10,000 Years
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C-14, krr=5.OX10 s m/s, Ahb=0.026, 2b=100 pm,
D=0.01 m2/yr, 0=0.01, T=100,000 years
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Figure 4-11 C-14 Cv/Co vs. z at 100,000 Years
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Table 4-6 Maximum Estimated Concentrations for C-14, Tc-99, and I-129 in Effluent
Water at the Yucca Mountain Site [D-2]
Nuclide Maximum Concentration
(mg/L)
C-14 40
Tc-99 0.8
1-129 0.2
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C-14 TOTAL CUMULATIVE RELEASE THROUGH FRACTURES
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Figure 4-12 C-14 Cumulative Release Calculated by 1-D Fracture-Flow Model
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Tc-99 TOTAL CUMULATIVE RELEASE THROUGH FRACTIRES
0.2
0.15
0.1
0.05
0
0 200 400 600 800 1000
Z (m)
Figure 4-13 Tc-99 Cumulative Release Calculated by 1-D Fracture-Flow Model
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Figure 4-14 I-129 Cumulative Release Calculated by 1-D Fracture-Flow Model
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4.2.2.3 Sensitivity Studies on Fracture Flow Model
The last two sections, 4.2.2.1 and 4.2.2.2, have provided conservative results for
the deep borehole concept. The data, however, did not really reflect the conditions in a
deep borehole system. Due to the uncertainty and scarcity of the geohydrologic data base
with respect to deep rock or borehole conditions, sensitivity studies on the fracture flow
model are performed, in order to obtain a clearer understanding of the extent to which
radionuclides can be retained in a deep borehole system. The studies concentrate on three
parameters: the hydraulic conductivity for fracture flow, the fracture aperture, and the
porosity.
Permeability, which is closely related to hydraulic conductivity, is a complex
function of porosity, pore diameter, tortuosity, and interconnection of the pores in porous
media. In fractured rocks, permeability depends on fracture spacing, aperture, roughness,
and interconnections. The range of permeability of typical geologic materials may vary
over 12 orders of magnitude, as can be seen in Table 4-8 [0-1]. Because fractures tend to
close with depth due to overburden pressure, fracture permeability, or hydraulic
conductivity, generally decreases with depth. Figure 4-15 shows a typical curve of
hydraulic conductivity versus depth for granite [K-1]. As shown in the figure, a hydraulic
conductivity of as low as 10-10 - 10-11 m/s can be obtained, which approaches the
current measurement limit.
Fracture apertures, for the same reason as for hydraulic conductivity, also
decrease with depth. The scale generally falls within the L.m range.
Porosity has a general tendency of decreasing with depth. Typical values for
granite may be between 0.1% to 0.01% [W-1].
Tables 4-9 to 4-11 present the results of sensitivity studies for these three
parameters. The hydraulic conductivity, which is the most sensitive variable, far
outweighs the effects of the other two parameters, and hence is probably the controlling
factor in deep borehole systems. The fracture aperture, which decreases with depth, also
helps to retard the radionuclide transport through fractures; whereas, the porosity only
slightly reduces the retention effect.
By assuming that a hypothesized deep borehole system is characterized by a
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hydraulic conductivity of 10-9 m/s, a fracture aperture of 10 gm, and a porosity of 0.01%,
(which are all in the range of plausible sensitivity studies), we estimate that the total
cumulative releases for C-14 at a vertical distance of 1000 m above the repository are
essentially zero (i.e. < 10-30 Ci) at both 10,000 and 100,000 years. The results reinforce
the appreciation of the capabilities of the deep borehole concept in terms of radionuclide
retention, as noted earlier in section 4.2.2.2.
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Table 4-8 Variations of Permeability Among Different Rock Types [0-1]
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Table 4-9 Effects of Hydraulic Conductivity for Fracture Flow on Radionuclide
Transport(1 )
z (m) Time 10-9 m/s 10-8 m/s 10-7 m/s 10-6 rn/s 5 X 10-5
(years) mI /s
1 10,000 0 0 7.05 E-3 2.90 199.1
100,000 0 2.62 E-13 3.94 E-2(2) 4.42 284.3
10 10,000 0 0 0 7.05 E-2 188.6
100,000 0 0 2.62 E-13 0.394 271.9
50 10,000 0 0 0 4.00 E-19 144.9
100,000 0 0 0 8.27 E-6 220.9
100 10,000 0 0 0 0 101.8
100,000 0 0 0 2.62 E-12 168.9
Notes:
(1) C-14 cumulative release (Ci), Ahb=0.026, 2b=100 gm, D=0.01 m2 /yr, 0=0.01
(2) The value is read as 3.94 X 10-2 Ci
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Table 4-10 Effects of Fracture Aperture on Radionuclide Transport(l)
z (m) Time 1 gým 10 gm 50 gm 100 gm
(years)
1 10,000 101.9 188.6 198.0 199.1
100,000 168.9 271.9 282.7 284.3
10 10,000 8.77E-3( 2 ) 101.9 177.1 188.6
100,000 1.35 168.9 258.6 271.9
50 10,000 0 3.54 101.8 144.9
100,000 1.34E-10 19.7 168.9 220.9
100 10,000 0 8.76E-3 48.4 101.8
100,000 4.36E-31 1.35 98.7 168.9
Notes:
(1) C-14 cumulative release (Ci), Ahb=0.026, Kfr=5 X 10-5 m/s, D=0.01 m2/yr,
0=0.01
(2) The value is read as 8.77 X 10- 3 Ci
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Table 4-11 Effects of Porosity on Radionuclide Transport(1 )
Notes:
(1) C-14 cumulative release (Ci), Ahb=0.026, Kfr=5 X 10-5 m/s,
2b=100 gm,D--0.01 m2/yr,
z (m) Time 0.0001 0.0005 0.001 0.005 0.01
(years)
1 10,000 200.3 200.2 200.2 199.7 199.1
100,000 285.4 285.3 285.3 284.7 284.3
10 10,000 200.2 199.7 199.1 194.5 188.6
100,000 285.3 284.7 284.0 278.6 271.9
50 10,000 199.7 197.4 194.5 171.5 144.9
100,000 284.7 282.0 278.6 252.0 220.9
100 10,000 199.1 194.4 188.6 144.9 101.8
100,000 284.0 278.6 271.9 220.9 168.9
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4.3 Probable Release Scenarios for a Deep Borehole System [K-1, R-3]
Actual performance of a repository is not directly testable, because the
performance measure to be tested will be in the distant future. The only alternative is to
set up a model based on an imagined sequence of events, or scenarios, by which
radionuclides might move from the repository to the biosphere. In general, phenomena
related to release scenarios can be broadly classified into three categories: those related to
changes of a geological nature such as volcanism or glaciations, those concerning man-
derived activity such as drilling into a repository by mistake, and those brought about by
the interaction of the HLW and the repository, both natural and engineered. Table 4-12
provides a detailed list of these phenomena. It should be noted that the list is by no
means comprehensive. The identification of possible scenarios can be made either
qualitatively - consultation of expert opinion, or probabilistically - application of fault-
tree analysis or other statistical simulation methods such as Monte Carlo or Markov chain
analysis.
For the deep borehole concept, potential scenarios may be proposed based on the
depth of the repository. Hence, most surface phenomena, with the exception of
glaciations and climatic changes and their subsequent alteration of hydrologic factors, can
be excluded. A unique phenomenon which might be included in the scenario list is the
intrusion by drilling into the repository for the exploitation of geothermal energy. To
conclude this section, we prepare a list of preliminary scenarios as follows:
(1) interconnecting faults due to tectonic movements,
(2) engineered barrier failure (e.g. in media/methods used to seal the borehole),
(3) borehole intrusion by drilling for geothermal energy, and
(4) miscellaneous natural phenomena such as glaciations and climatic changes.
The selection of these scenarios is purely heuristic. Detailed work is required for
refinement, which should consist of an assessment of credibility, the probability of a
significant release, and the degree of consistency with site-specific data and knowledge.
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Table 4-12 Phenomena Related to Release Scenarios for a HLW Repository [R-3]
Natural Processes and Events
Climatic change
Hydrology change
Sea level change
Denudation
Stream erosion
Glacial erosion
Flooding
Sedimentation
Diagenesis
Diapirism
Faulting/seismism
Geochemical changes
Fluid interactions
Groundwater flow
Dissolution
Brine pockets
Uplift/subsidence
Orogenic
Epeirogenic
Isostatic
Undetected features
Faults, shear zones
Breccia pipes
Lava tubes
Intrusive dykes
Gas or brine pockets
Magmatic activity
Intrusive
Extrusive
Meteorite impact
Human Activities
Undetected past intrusion
Undiscovered boreholes
Mine shafts
Improper design
Shaft seal failure
Exploration borehole
seal failure
Improper operation
Improper waste
emplacement
Transport agent
introduction
Irrigation
Reservoirs
Intentional artificial
groundwater recharge
or withdrawal
Chemical liquid waste
disposal
Waste and Repository Effects
Thermal effects
Differential elastic
response
Non-elastic response
Fluid pressure, density,
viscosity, changes
Fluid migration
Chemical effects
Corrosion
Waste package
- Geology interactions
Gas generation
Geochemical alterations
Climate control
Large scale alterations of hydrology
Intentional intrusion
War
Sabotage
Waste recovery
Inadvertent future intrusion
Exploratory drilling
Archeological exhumation
Resource mining (mineral, water,
hydrocarbon, geothermal, salt, etc.)
Mechanical effects
Canister movement
Local fracturing
Radiological effects
Material property changes
Radiolysis
Decay product gas generation
Nuclear criticality
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4.4 Geophysical Logging [D-2, E-2, T-2]
Geophysical well logging refers to lowering instrument packages into drillholes in
order to measure physical parameters characterizing the formations. The instrument
package, or, the logging tool, includes a sonde, or probe, containing the sensors which
perform the measurements, and an electronics cartridge connected to the sonde to control
the sensors, provide power, receive and process sensor output signals.
A typical logging setup is shown in Figure 4-13. The logging tool is suspended
on the end of a conductor cable which permits the downward flow of electric power and
the upward flow of electrical signals from the tool. At the surface the cable is spooled on
a powered winch-drum carried on a specially designed truck which provides the down-
hole power to the logging tool, controls the movements of the sonde, and is equipped
with computers for data processing, interpretation of measurements, and permanent
storage of the data. A continuous logging can be made of one or more physical
parameters versus depth by the operation of a computer-based control and data
acquisition system which is programmed for on-line data processing.
Originally, well logging was applied principally to determine the presence and
concentrations of oil, water, and gas. Today, well logs provide a broad spectrum of in-
situ measurements, including rock density, porosity, major-element constituents, clay
types, presence of fractures and their orientation, formation structural and stratigraphic
dips, permeability to fluid flow, the nature of naturally occurring radioactive elements,
etc.. Coring - competitive but complementary to logging, as another way for
underground measurements, uses a hollow-barrel drill collar to which is affixed an
annular, diamond impregnated drill. As the core hole is drilled, a continuous cylinder of
rocks is fed up into the core barrel, where it is seized and brought to the surface. In
comparison with logging, coring is time consuming and costly, and may be not suitable
for deep wells.
Currently, over fifty different types of well logging tools exist in order to meet
various information needs and functions. Basically, logging tools are supported by three
broad disciplines, namely, electric, nuclear, and acoustic techniques. Table 4-13 briefly
summarizes the measurements that can be made with these fields. As shown in the table,
all three techniques can be used to measure the porosity. Permeability can be measured
using nuclear and acoustic methods. Rock types can be identified with nuclear logging
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tools. Fractures can be detected using acoustic apparatus. Also note that the key
parameters used in the Darcy flow and radionuclide transport equations (eqs. (4.1), (4.2),
(4.5), (4.8), (4.13), (4.21), (4.22), and (4.23)), which can be derived from the
measurements, are also highlighted in the table.
In selecting a candidate site for HLW disposal in geological media, underground
geohydrologic properties can be determined by the extensive employment of well logging
techniques. For example, ten different log types have been used for nearly 200 drillholes
at the Yucca Mountain site as a part of the activities in the site characterization plan. In
siting a deep borehole system, the role of geophysical logging should be even more
emphasized due to the lack of a sufficient geoscience data base for detailed analyses. For
deep wellholes, logging is particularly suitable because it can access the "as-built"
repository, whereas for mined facilities the local environment can differ from the test
borehole environment because of damage inflicted in the mining process. Because a hole
can be drilled fairly rapidly, it can also be monitored over a several year period prior to
use for HLW emplacement, to accumulate data in support of its suitability.
Because well logging is also important to gas and oil exploration and well
development, a substantial future investment in improving such techniques can be
expected, with large collateral benefits to the deep borehole approach for HLW disposal.
Tension
Gauge
Control and
Recording
Apparatus
Spooler for
Depth Measurement
Winch Cable
Figure 4-16 A Typical Logging Setup [T-2]
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Table 4-13 Subsurface Measurements Possible with Electric, Nuclear, and Acoustic
Techniques [E-2]
Technique Measurement Parameters Directly or
Indirectly Applied in
Eqs.
Electric Porosity (4.2), (4.5), (4.8),
(4.13), (4.21), (4.22)
Nuclear Porosity, (4.1), (4.2), (4.5), (4.8),
Rock matrix density, (4.13), (4.21), (4.22),
Permeability, (4.23)
Rock type
Acoustic Porosity, (4.1), (4.2), (4.5), (4.8),
Fracture, (4.13), (4.21), (4.22),
Permeability (4.23)
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4.4 Chapter Summary
This chapter discussed the issue of radionuclide retention for the deep borehole
concept, and identified the importance of geophysical logging. Some key points are
summarized as follows:
(1) All indications are that the deep borehole concept can provide a better host
environment for retaining likely radionuclide transport than a mined repository;
(2) Geophysical logging is an efficient and indispensable means for characterizing
deep underground formations in general and boreholes in particular;
(3) A more extensive menu of release scenarios should be determined for the
refinement of performance assessment;
(4) More rigorous performance assessment needs to be done, based on plausible
release scenarios and a better geohydrologic data base;
(5) Particular attention should be paid in the next round of assessments to the
technology and reliability of borehole plugging.
_I[I
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Chapter 5 Overall System and Cost Analysis
5.1 Introduction
This chapter provides a description of a hypothesized deep drillhole system, with
special attention given to waste emplacement procedures, retrievability, and permanent
closure, and performs a preliminary cost analysis for the deep drillhole concept. Section
5.2 describes in some detail a reference deep drillhole system, section 5.3 summarizes
some alternatives for the deep drillhole system, and section 5.4 performs a cost analysis.
The reference system is based upon the use of currently available commercial technology,
and no credit is taken for foreseeable improvements such as those discussed in section 5-
3.
5.2 Description of a Deep Drillhole System
5.2.1 General Description
The deep drillhole concept consists of the drilling of a number of deep drillholes
and the emplacement of a string of high level waste canisters into each hole. The
reference drilling method is a combination of the conventional rotary drilling and big-
hole drilling techniques. The reference HLW is spent PWR fuel after 10 years decay. A
general description of a reference deep drillhole system follows, according to the
following items:
(1) Host rock,
(2) Surface facilities,
(3) Waste package and system capacity,
(4) Waste transportation, and
(5) Emplacement facility and borehole.
This reference system is largely based on a system as envisioned by Woodard-
Clyde [W- ], with minor modifications.
5.2.1.1 Host Rock
The geologic environment for the reference deep drillhole (DH) system is a
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granite formation, due to its high mechanical strength, low permeability, low porosity,
and homogeneity. The reference granite host rock is assumed to be a homogeneous
geologic formation without major discontinuities such as faults or fracture zones. The
actual dimensions of the rock mass are assumed to be much larger than the volume of
rock being considered for the repository site. The site is assumed to be located within an
area of tectonic and seismic stability. The reference granite rock mass does not contain
any economically recoverable minerals nor is the mass in proximity to urban areas or
other areas of possible conflicting land uses. The site is also within an area of such a low
geothermal gradient that it is not attractive to people exploiting geothermal energy.
5.2.1.2 Surface Facilities
The surface facilities are those necessary to receive and prepare the waste
canisters prior to the emplacement facilities. The surface facilities for the reference DH
system are very similar to those described for a mined geologic repository (MGR) such as
the Yucca Mountain site [D-1, D-2], and include the following units:
(1) Waste Receiving Facility
The function of the receiving facility is to receive, handle, inspect, decontaminate,
temporarily store, and prepare waste canisters for transfer to the DH site. The receiving
facility also includes a shipping cask-handling area and hot cells. The shipping cask-
handling area provides a place for receiving, cleaning, unloading, and decontaminating
the incoming shipping casks. The hot cells provide for testing for surface contamination
and leakage of the canisters and also handle any final preparation of the canisters prior to
transportation to the deep drillhole.
(2) Radioactive Waste Facility
The function of the radioactive waste facility is to dispose of any low level wastes
generated during transfer, cleaning, and storing operations.
(3) Auxiliary Facilities
Auxiliary facilities will include facilities for ventilation, equipment maintenance,
site control, site administration, cafeteria, fire control, health physics, site security,
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sewage treatment, laundry, etc.. Also included are the support facilities for the borehole
drilling operation, such as drilling mud storage and reclamation, mixing cement, plug and
backfill materials, and storage of drilling materials and equipment.
(4) Drilling Rig
A combination of big hole and conventional rotary drilling techniques and
equipment will be used to advance the boreholes of the reference repository. Support
facilities at each drill rig site include offices, pipe racks, mud pits, equipment storage,
testing and monitoring equipment, compressors, etc.
5.2.1.3 Waste Package and System Capacity
The reference DH repository is assumed to receive, handle, and dispose of 10-
year-old commercially generated spent PWR fuel. Each waste canister contains only one
intact PWR fuel assembly (see Figure 5-1). The canister is assumed to be made of
stainless steel. The canister has a 34 cm inside diameter, 1 cm thickness, and is 4.5 m
high. The internal space of the canister is filled with particles of SiC (about 1 mm
diameter) to improve resistance to crushing without reducing adequate heat transfer
capability. Each spent fuel assembly is about 0.46 MTHM (Metric-Tonne of Heavy
Metal), and the total system capacity is 70,000 MTHM.
Two waste canisters are installed in a 16" OD A.P.I. casing approximately 10 m
long to form a canister module, as shown in Figure 5-2. Each module has an external
upset coupling and a thread that lends itself to remote threading operations. At the
bottom of the canister module is a canister support that consists of steel plate cross
bracing welded to the casing and shaped to act as a thread guard and guide for assembly
(see Figure 5-3). The bottom support will allow passage of cement for final closure of
the borehole. The canister module has metal spacers or centralizers welded on the inside
of the 16" OD casing, to provide for positive lateral support of the canisters, and also to
provide for flow of backfilling/plugging materials through the annular space between the
canister and the inner wall of the casing.
The preparation of the canister module is performed at the hot cells. The lower
canister support can be attached prior to loading the waste canisters into the module.
Following loading, the top support is attached by means of a threaded joint. The design
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Figure 5-1 Reference Spent Fuel Canister Configuration
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Figure 5-2 Diagram of Canister Module (Modified from [W-1])
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Figure 5-3 Detail of Canister Joint [W-l]
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of this canister module allows for linking individual units together to form a canister
module string.
For the total system capacity of 70,000 MTHM, 610 boreholes are required with
250 canisters loaded in each borehole of 20" diameter. The boreholes are arranged in a
matrix layout with 96 m spacing between adjacent holes. Figure 5-4 illustrates the layout
of this reference DH system.
5.2.1.4 Waste Transportation
A portable cask transporter is used to transfer the canister modules from the
receiving facility to the emplacement facility. A 36" OD steel cask with a steel liner and
lead shielding is selected to provide shielding and to contain the canister module. A
schematic of the cask transporter is shown in Figure 5-5. A door is attached to each end
of the cask for shielding and security, as shown in Figure 5-6. The door is activated by
hydraulic cylinders and can be secured by a safety pin for transporting. The cask
transporter is a flat-bed rubber-tired trailer unit pulled by a tractor unit. The cask is
carried by the cask transporter in a horizontal direction on trunion supports. A
conventional paved roadway runs between the receiving facility and the emplacement
facility, while a railway is used surrounding the emplacement rig.
At the emplacement facility, the cask transporter is positioned adjacent to a rail
transporter and leveled with hydraulic leveling jacks, as shown in Figure 5-7. The cask is
raised to the vertical position by hydraulic cylinders and transferred to the rail transporter
on separate trunion supports. The rail transporter is intended to provide for a positive
means of'alignment and support of the casks over the borehole. The rail transporter
consists of a box girder frame supported by four mine trucks resting on rails. The mine
trucks are self propelled with hydrostatic motors from the self-contained hydraulic unit on
each rail vehicle. The cask can be raised and positioned with hydraulic cylinders, moved
over the hole and positioned. Then, the canister module is lowered out of the cask. The
empty cask is then moved to the opposite end of the rail line to be transferred to a cask
transporter and returned to the receiving facility for reuse. The rail vehicle runs on
double tracks that extend approximately 96 m on each side of the emplacement rig to
provide for transfer of the casks to and from the rail vehicles.
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BOUNDARY OF DEEP DRILLHOLE SYSTEM
ROADWAY
TO CENTRAL RECEIVING
FACILITY
Figure 5-4 Schematic of a Reference Deep Drillhole System
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Figure 5-5 A Cask Transporter [W- 1]
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Figure 5-6 Schematic of Cask Door Assembly [W-1]
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Figure 5-7 A Rail Transporter [W-1]
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5.2.1.5 Emplacement Facility and Borehole
The emplacement facility is used to emplace the waste canister module within the
emplacement zone in the borehole, prepare the hole for closure, and backfill and plug
the hole. The borehole is 20" in diameter and extends to 2250 m below the ground
surface. A schematic of the reference borehole is shown in Figure 5-8. The upper 1000
m is used for backfilling and plugging for final closure. The waste emplacement zone
extends from 1000 m down to 2250 m below the surface. A "big hole" drilling method is
used to drill the first 400 m, and the rest of the borehole is excavated with conventional
rotary drilling equipment.
An emplacement rig is shown in Figure 5-9. Canister modules are assembled into
a string of canister modules by the emplacement rig. The canister module string is
lowered down the borehole on 4.5" EUE drill pipe. The essential operations are
performed in the basement (see Figure 5-10), which serves as a "hot cell" for inserting
canister modules into the deep borehole. The hydraulic-ram blow-out preventers (BOP)
and the slips are used to hold the canister module in the hole while another module is
attached from above. A TV camera located in the basement allows the operator to lower
and align canister modules, to attach them to the canister module in the hole. A
hydraulically operated shielding door closes the hole in the basement cover to allow the
rail vehicle to move over the hole.
5.2.2 Waste Emplacement Procedures
The waste emplacement scenario is illustrated in Figure 5-11. The first canister
module (see Figure 5-12) loaded in the hole has an attached float valve, guide shoe, and
wall scratcher. The module is transported in a cask to the site by the cask transporter.
The cask is next transferred to a rail vehicle. The rail vehicle will then position the cask
over the drillhole and lower the cask into the shielded basement cover. The upper door of
the cask is opened, and the casing thread adapter lowered into the cask and made up with
the canister module. The canister module is then lifted and the basement shielding door,
the lower cask door, and the BOP rams are opened. The canister module is then lowered
into the well-head equipment in the basement, as shown in Figure 5-13. The slips are
then set and the BOP casing ram is closed around the canister module. Weight is
transferred from the kelly to the well head equipment, and the casing adapter is
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Figure 5-11 Schematic of Waste Emplacement Procedures [W-1]
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STEP 5
Cask containing another waste module
arrives on rail transporter and is
positioned over the hole
STEP 7
(1) Open upper shielding door of cask
(2) Thread kelly to canister module
(3) Lift up attached canister module and
(4) Open basement shielding door
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Figure 5-11 (Continued)
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STEP 8
(1) Release slips and hydraulic rams
(2) Lower upper canister module into
basement assembly
STEP 10
(1) Set slips and hydraulic rams
(2) Unscrew kelly and raise
(3) Close basement shielding door and
upper and lower cask doors
(4) Move empty cask off the hole
Repeat steps 5 to 9 until
waste module string is
complete
Figure 5-11 (Continued)
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Figure 5-12 Float Shoe for Bottom Canister Module (Modified from [W-1])
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183
184
unscrewed from the canister module. The casing adapter is then raised to the bottom of
the rotary table. The basement shielding door and the cask doors will then be closed.
The empty cask is then be moved out of the hole through the rail line. The next cask is
moved over the hole by the rail vehicle and lowered into the basement cover. The second
canister module is lowered and mated to the first canister module using the same
procedures as described above. The procedures are repeated until all the canister modules
are loaded into the drillhole.
5.2.3 Retrievability and Permanent Closure
After completion of waste emplacement for a borehole, a temporary surface plug
or cap will be installed without completely backfilling and plugging the borehole. It is
assumed that retrievability can be achieved by the combination of borehole stability
provided by the host rock and the casing, and the use of a continuous waste module
canister string. Woodard-Clyde [W- 1] investigated borehole stability and found that,
even for a dry hole condition, a borehole could achieve a depth of about 10,000 feet (or
about 3000 m) without exceeding the stability limit. The retrieval procedures are the
reverse of the emplacement procedures as described in section 5.2.2, and hence will not
be recapitulated here.
Following the period of retrievability, which is designated currently by the NRC
to be 50 years after the first waste loading, the cap is re-opened, and portions of the
casing for the upper 1000 m are removed. The boreholes are then backfilled with special
cement, and plugged with concrete blocks. Finally, each borehole is re-covered with a
cap appropriately marked to indicate that the location is the site of a HLW repository.
5.3 Alternatives for the Deep Drillhole System
The reference DH system described in section 5.2 is by no means unique, a
number of alternatives or options can be identified. Some major alternatives can be
classified under the following headings:
(1) Geologic media,
(2) Drilling techniques,
(3) Drillhole types,
(4) Waste emplacement methods,
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(5) Drillhole status during waste loading,
(6) Waste package configuration, and
(7) Site classification.
5.3.1 Geologic Media
Although granite is the most suitable rock formation for the DH system, other
formations such as basalt, sedimentary rock, salt domes, or tuff may still be usable, as
long as hole stability can be achieved, and most importantly, the criterion of retrievability
is relaxed. For countries lacking large masses of granite and having only limited amounts
of wastes to be disposed of, other kinds of host rocks can be considered.
5.3.2 Drilling Techniques
Conventional rotary drilling as employed in the reference system is restricted with
respect to the depths and diameters of the boreholes drilled, and may be costly for deep
drilling into hard rock such as granite. Table 5-1 presents a list of the current capabilities
of the rotary drilling technique. Another potentially feasible, and probably practical
drilling method is the thermal spallation technique, which is mentioned in Chapter 2. The
thermal spallation method is probably a quicker and cheaper means for hot dry rock
drilling, and can reach much deeper and harder formations than conventional rotary
drilling.
5.3.3 Drillhole Types
The simplest and most practical drillhole design is the vertical borehole concept
adopted in the reference DH system in section 5.2, and other repository systems, as
described in Chapter 1. Drilling of vertical wells is a proven technology for which
abundant information has been compiled over the years and can be directly applied to the
DH concept. Plugging and backfilling of holes has always been done during completion
of most oil, gas, and geothermal wells. In application to the DH concept, some
improvements may have to be made to meet more stringent sealing standards.
Another concept, which is also based on the experience gained in the oil and gas
industry for development of oil or gas fields, is the configuration of a main borehole
associated with multiple non-vertical (or even horizontal) branch holes. The branch holes
· rj
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would provide storage capacity for the waste canisters, and the main hole would be sealed
and backfilled. This configuration offers the advantage of requiring fewer access points
from the ground surface or even from the biosphere. This technique presents potential
economic advantages in that the drilling cost may be reduced by eliminating the need to
drill the upper sections of each branch hole. On the other hand, some technological
problems associated with this concept include the difficulty in accurate control over
deviating each branch hole, especially for a hard, crystalline rock; and the likelihood that
negotiating the junction between the main hole and a branch hole would complicate the
waste loading procedure.
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Table 5-1 Current Capabilities of Conventional Rotary Drilling [W-1]
Hole Diameter (inches) Hole Depth (feet)
7-7/8 to 8-3/4 35,000
12-1/4 30,000
17-1/2 26,000
26 21,000
36 16,000
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5.3.4 Waste Emplacement Methods
Loading the waste canisters inside drill pipe as employed in the reference DH
system described in section 5.2, provides the best control, because the rigid pipes provide
the capability to push, pull, or rotate the waste canisters. A number of currently available
disconnecting devices in the drilling industry can be used for release of the canisters at
request. The equipment and techniques needed to emplace the wastes are standard in the
drilling industry. The only disadvantage of this method is that it is somewhat slow. For
example, it may take about 10 hours to lower the pipe in and out of a 10,000 foot deep
hole.
Other emplacement options include lowering by cable and lowering by free fall.
Lowering by cable or wire rope also allows pulling up and retrieving the canisters.
However, due to its lack of ability to push or rotate the canisters in the hole, lowering by
cable provides a reduced degree of control in comparison with lowering by means of drill
pipe.
The concept of free fall can only be used for a liquid-filled hole. However, once
the canister is disconnected from the surface-handling equipment, there is no control over
its final destination. The canister could become stuck in the borehole and receive
substantial damage. Due to its total lack of control over lowering the canister, free fall is
considered unacceptable.
5.3.5 Drillhole Status During Waste Loading
Fluid-filled holes, which involve the use of drilling mud, can achieve better
borehole stability than dry holes. The mud acts to counter the tendency of the hole to
close and is particularly important if the hole is uncased. The viscosity, and hence the
density of the mud, may influence the time required to lower a canister. A thick mud
may require a longer time to lower the canister than a thin mud. The disadvantage is that
the mud can become contaminated and thus provides a pathway for radionuclide
transport, in case a canister is damaged during emplacement or is breached and leaks at
any time after the closure of the repository system.
The dry hole concept, which is the reference drillhole condition in the reference
DH system, can achieve borehole stability if the hole is cased along its entire depth
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and/or the host rock is extremely strong. The holes are drilled wet (with drilling mud),
and then bailed dry and ready for emplacement. In general, heavy-duty casing would be
necessary to compensate for the loss of support in the hole because of fluid removal. One
disadvantage of this concept is that the operation of removing fluids in the hole is a time
consuming process.
5.3.6 Waste Package Configuration
The reference waste canister contains one intact PWR spent fuel assembly. Other
alternatives include encapsulation of two to three intact BWR spent fuel bundles,
reprocessed HLW in borosilicate glass form, or modified spent fuel. The modified (i.e.
disassembled and reconfigured) spent fuel option offers an important advantage in
canister design flexibility. The canister does not have to fit any predetermined size to
accommodate the fuel assemblies; rather, it can be selected by considering the optimum
cost/benefit based on drilling costs and storage volume. The smaller the diameter of the
waste canister is, the smaller is the size of the drillhole, and the deeper is the achievable
drilling depth. Modification of the spent fuel allows the waste to be processed into a
more compact form, which increases the packing density. Additionally, the waste can be
processed into a form that restricts the solubility of the waste under repository
geochemical conditions. However, the process of modifying the spent fuel is
complicated, time consuming, and expensive.
The intact spent fuel option, on the other hand, offers little flexibility in terms of
size of canister. In addition, canisters containing intact spent fuel assemblies will have to
be filled with a solid void filler such as SiC particles, in order to avoid collapse of, and
add structural strength to, the canisters. On the other hand, the concept is simple,
straightforward, and has less extra work-load than the modified spent fuel option.
In this preliminary stage of research, the intact option is undertaken. However,
the concept of modifying the spent fuel is worthy of investigation in future work.
5.3.7 Site Classification
The reference deep drillhole system described is a "centralized" repository
concept in that all the wastes generated are transported to a single site for disposal. This
concept of "putting all eggs into one basket" may pose a large local burden and high risk
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if the site proves unsuitable at some late stage of its use.
Thus a "decentralized" system may provide more flexibility than the centralized
system. The dispersed-system concept avoids the economic risk of forced abandonment
associated with the one-site option; provides multiple choices in site selection and the
reduced risk for each smaller facility associated with incremental, sequential, and
dispersed implementation. This approach may provide greater universal applicability
worldwide, and access to better geology.
5.4 Cost Analysis
For this preliminary cost analysis, several basic assumptions are made: (1) the
base for cost comparison is the system costs of the standard U.S. national waste disposal
system, i.e., the Yucca Mountain site, as described by Siegel [S-4]; (2) the costs other
than those of the repository system are assumed the same as those for the standard
system; (3) the cost components for the repository system include site, receiving facility,
transfer equipment, support and utilities, and boreholes, (4) costs other than those of the
boreholes are assumed equal to those of the standard system; (5) the real discount rate
and the GNP deflator rate are assumed to be 3% and 6.24%, respectively, which are taken
from [S-4]; and (6) all the costs are computed in terms of 1991 current-dollars. Note that
the discount rates may be incorrect and unrealistic. However, the major purpose of this
preliminary survey is to compare the costs of deep drillhole concept with the Yucca
Mountain Site in a simplified but conservative way. In this respect, therefore, the
accuracy of these discount factors is relaxed.
According to the statements above, the whole domain of cost analysis is
simplified and narrowed down to the cost evaluation for the boreholes themselves. At
this stage of preliminary survey, this approach is taken to investigate the effect of
borehole cost on total system costs, assuming that all other expenses are equal.
The cost components for the standard system are listed in Tables 5-2 to 5-4, in
terms of 1989 as well as 1991 dollars. These tables serve as the bases for comparison
with the reference deep drillhole system. The costs of boreholes are evaluated based on
conventional oil-well drilling costs and hot dry rock geothermal well costs, which are
addressed in the following subsections.
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Table 5-2 Overall Waste Costs for U.S. Standard Repository System [S-4]
Systems Capital Costs Operations Decommissioning Total Costs
Costs Costs
Waste 357.49(1) 1347.82 108.93 1814.14
Preparation 426.49(2) 1608.40 129.99 2164.81
System
Repository 968.00 3941.03 301.46 5210.48
System 1155.11 4702.83 359.73 6217.67
Transportation 273.40 887.03 0.00 1160.43
System 326.25 1058.49 0.00 1348.74
Total Costs 1598.78 6175.87 410.39 8185.05
1907.82 7369.67 489.72 9767.22
Notes:
(1) 1989 million dollars
(2) 1991 million dollars
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Table 5-3 Waste Preparation/Repository Costs for U.S. Standard Repository System[S-4]
Systems Capital Costs Operations Costs Decommissioning Total Costs
Costs
Waste Preparation 357.39(1) 1347.82 108.93 1814.14
System 426.47(2) 1608.35 129.99 2164.81
Packaging Facility 357.39 1049.05 1406.44
426.47 1251.83 1678.30
Material 298.77 298.77
Components 356.52 356.52
Repository System 968.00 3941.03 301.46 5210.48
1155.11 4702.83 359.73 6217.67
Total Structures 774.98 3842.24 4617.23
924.78 4584.94 5509.74
Site 182.06 182.06
217.25 217.25
Receiving Facility 278.08 2121.92 2400.00
331.83 2532.09 2863.92
Waste Shafts & 29.10 29.10
Hoists 34.73 34.73
Transfer 2.77 60.66 63.44
Equipment 3.31 72.39 75.70
Men & Materials 110.86 110.86
Shaft 132.29 132.29
Ventilation 107.79 411.10 518.89
Structures 128.63 490.57 619.19
Ventilation Supply 18.48 18.48
Shaft 22.05 22.05
Support & Utilities 204.29 1090.12 1294.41
243.78 1300.84 1544.62
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Table 5-3 (Continued)
Total Mining
Waste Shafts &
Hoists
Rooms
Boreholes
Men & Materials
Shaft
Shaft Pillar Zone
Corridors
Rock Handling &
Disposal
Ventilation Supply
Shaft
Development
Exhaust Shaft
Ventilation Flow
Paths
Repository Exhaust
Total
193.02
230.33
8.95
10.68
2.63
3.14
89.50
106.80
18.70
22.31
6.60
7.88
23.08
27.54
24.71
29.49
4.68
5.58
6.01
7.17
8.15
9.72
1325.39
1581.59
98.78
117.87
10.36
12.36
78.05
93.14
3.31
3.95
6.83
8.15
0.24
0.29
5288.85
6311.18
410.39
489.72
Notes:
(1) 1989 million dollars
(2) 1991 million dollars
8.15
9.72
7024.62
8382.48
291.80
348.20
8.95
10.68
12.98
15.49
78.05
93.14
89.50
106.80
18.70
22.31
9.91
11.83
29.91
35.69
24.71
29.49
4.68
5.58
6.25
7.46
-1 i
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Table 5-4 Transportation Costs for U.S. Standard Repository System [S-4]
Notes:
(1) 1989 million dollars
(2) 1991 million dollars
Capital Costs 273.40(1)
326.25(2)
Operations Costs 887.03
1058.49
Decommissioning 0.00
Costs 0.00
Total Costs 1160.43
1384.74
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5.4.1 Oil-Well Drilling Cost
The actual oil and gas well drilling costs in 1989 dollars are obtained from [T-l],
and escalated to 1991 dollars. The drilling costs and the costs per meter of depth are
provided in Tables 5-5 to 5-6, and Figures 5-14 to 5-15. However, these cost data are for
standard small-diameter (4 - 8 inches) holes and thus can not be directly applied to
calculate the drilling costs for our reference DH system. Unfortunately, recent data for
different hole diameters and host-rock hardness are not available. Moreover, the only
existing cost data are about 20 years old, and can not reflect the continuing improvement
of oil-well industry ([B-4], [M-7]). Due to the lack of adequate information, the
following assumptions and procedures are taken to calculate the drilling costs for the
reference DH system:
(1) The effect of hole diameter is assumed to be outweighed by that of rock
hardness at a specific depth.
(2) Table 5-7 collects some old cost data adapted from [M-7]. Note that the
absolute values are of little importance, the only conern is the relative magnitudes. An
arbitrary "hardness" factor derived from the table is used to quantify the effect of rock
hardness. These cost factors are provided in Table 5-8.
(3) A best fit to the current JAS (Joint Association Survey) data as shown in Table
5-5 is obtained, and is present as the dashed curve in Figure 5-14. This best curve-fit is:
Well Cost (1991 M$) = 0.080184 X exp(7.8447 10 -4 X Depth (m)) (5-1)
(4) The costs per borehole are computed by multiplying the cost from eq. (5-1),
evaluated at the depth of 2250 m, by the specific "hardness" cost factor from Table 5-8.
The costs per borehole computed from the procedures above are 0.604 M$ and
1.016 M$, for tuff and granite, respectively. The total drilling costs for a system of 610
holes are 368.27 M$ and 619.49 M$, for tuff and granite, respectively.
The total costs of the reference DH repository system developed by conventional
oil-well rotary drilling are provided in Table 5-9, along with the data for the standard
mined geologic repository (MGR) system. Note that the total costs listed do not include
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those for waste preparation and transportation systems. The capital costs for the DH
system include those for the site, receiving facility, transfer equipment, support and
utilities, borehole drilling, and rock handling and disposal. The operations costs for the
DH system are obtained from those for the standard MGR system by excluding the costs
for shafts, rooms, and ventilation. It can be seen that the capital costs for the DH system
are only about 3% and 25% greater that for the standard MGR system, for tuff and
granite, respectively. The increase in capital costs is mainly due to the increased drilling
costs, which contribute about 30.9% and 42.9% of the total capital costs for the DH-tuff
and DH-granite system, respectively. The operations cost is reduced by about 15% in
comparison with the standard MGR system, due to the elimination of shafts, pillar rooms,
and ventilation. The total repository system costs decrease by about 11% for the DH-tuff
system, and 7% for the DH-granite system. Considering the contribution of about 64%
for repository system cost to total waste cost as implied in Table 5-2, these decreases in
repository system costs reflect a decline of about 7% in total waste disposal cost for the
DH-tuff system, and 4% for the DH-granite system. The costs can also be represented as
levelized unit costs (mills/kwhre) by the following conversion:
Total cost ($) 1000 (mills/$)Levelized Unit Cost (mills/kwhre) = Total wast () B (kwhre/k(5-2)Total waste mass (kg) 24rB (kwhre/kg)'
where,
1" = thermal efficiency of a typical LWR, ~ 1/3,
B = reference spent fuel burnup, - 30,000 MWD/MT.
Note that in eq.(5-2), the total cost is in terms of dollars, and the total waste mass
is in terms of kg. The computed levelized unit costs are 0.58 mills/kwhre for the standard
MGR system, 0.54 mills/kwhre for the DH-tuff system, and 0.56 mills/kwhre for the DH-
granite system, respectively. All these figures are below the DOE disposal fee limit of 1
mill/kwhre.
It should also be noted that the standard MGR system is located in a tuff
formation. On the other hand, the DH-granite system is totally based on granite, which is
harder than tuff. Direct comparison of these two systems, therefore, may be not fair. An
approximate approach may be taken to equalize the comparison base. Note that the DH-
granite system cost is about 3% greater than that for the DH-tuff system. If we assume
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that the total system cost for a MGR-granite system is also 3% greater than that for a
MGR-tuff system, then we find that the levelized unit cost for the MGR-granite system is
increased to 0.60 mills/kwhre, which is now 7% greater than that for the DH-granite
system. In conclusion, the deep drillhole concept decreases the total system cost by about
7% in comparison with the MGR system, if the conventional oil-well rotary drilling
method is employed. For granite, the DH concept offers an equivalent economic prospect
as compared to that for tuff.
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Table 5-5 U.S. JAS Actual Oil and Gas Well Drilling Costs
(Adapted from Table 2.3 of [T-I])
Data Point Depth (meters) 1989 Cost 1991 Cost
(M$) (M$)
1 954 0.148 0.177
2 1340 0.166 0.198
3 1859 0.273 0.326
4 2628 0.549 0.655
5 3376 1.155 1.378
6 4108 1.748 2.086
7 4834 3.138 3.745
8 5539 4.403 5.254
199
Table 5-6 U.S. JAS Actual Oil and Gas Well Drilling Costs per Meter of Depth
(Derived from Table.5-5)
Data Point Depth (m) Cost per Meter
(1991$/m)
1 954 185
2 1340 148
3 1859 175
4 2628 249
5 3376 408
6 4108 508
7 4834 775
8 5539 949
_ ___
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Figure 5-15 U.S. JAS Actual Oil and Gas Well Drilling Costs per Meter of Depth
(Data Adapted from Table 5-6)
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Table 5-7 Drilling Costs for Holes in Different Rock Types
(Data Adapted from Table C-1 of [M-7])
Notes:
(1) Costs are in terms of 1976 dollars.
(2) The data are actual costs at a depth of 3.05 km (or 10,000 feet).
(2) Tuff belongs to the category of "Medium Hard".
(3) Granite belongs to the category of "Very Hard".
(4) The absolute value is not important, the only concern is the relative
magnitude.
Rock Hardness Well Cost ($/m)
Soft - < 1500 psi 101.78
Medium Soft - 115.42
1500 - 3000 psi
Medium Hard - 131.76
3000 - 8000 psi
Hard - 183.92
8000 - 16,000 psi
Very Hard - 220.66
> 16,000 psi
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Table 5-8 "Hardness" Cost Factors for Different Rock Types
(Derived from Table 5-7)
Rock Hardness Relative Cost Factor
Soft - < 1500 psi 1.00
Medium Soft - 1.13
1500 - 3000 psi
Medium Hard - 1.29
3000 - 8000 psi
Hard - 1.81
8000 - 16,000 psi
Very Hard - 2.17
> 16,000 psi
m-v
Table 5-9 Deep-Drillhole Repository System Costs (1) Based on
Method
Oil-Well Drilling
Notes:
(1) All the costs are in terms of 1991 million dollars.
(2) MGR stands for mined geologic repository.
(3) The capital costs for deep drillhole systems include those for the site,
receiving facility, transfer equipment, rock handling and disposal, support and
utilities, and borehole drilling.
(4) The operations costs for deep drillhole systems exclude those for shafts, pillar
rooms, and ventilation.
(5) The total costs do not include those for waste preparation and transportation
systems.
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Standard MGR (2) Deep Drillhole Deep Drillhole
System System - Tuff System - Granite
Capital Cost 1155.11 1191.98(3) 1443.20(3)
Operations Cost 4702.83 4006.61(4) 4006.61€4)
Decommission Cost 359.73 359.73 359.73
Total Cost (5) 6217.67 5558.32 5809.54
__~____
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5.4.2 Hot Dry Rock Drilling Cost
Cost data for drilling in hot dry rock for geothermal energy are quite scattered,
due to the strong dependence on rock hardness and the specific drilling sites. Tester [T- 1]
has collected existing cost data. Some actual costs in 1989 and 1991 dollars are provided
in Table 5-10. Figure 5-16 also shows the scattered distribution of these well costs.
As previous discussion on conventional oil-well drilling, it is assumed that the
effect of rock hardness and hole depth outweighs the influence of the hole-diameter, and
the available cost data can be applied directly to the DH concept. Due to reduced trip
time and lack of direct contact of drilling bits with host rock, as opposed to conventional
rotary drilling, a simple linear relation is assumed to exist between costs and borehole
depths.[P-3]. This linear trend is used to fit the HDR base case costs in Table 5-11 to the
dashed curve in Figure 5-17. This curve-fit is:
Well Cost (1991 M$) = -2.9712 + 2.0655 X 10-3 X Depth (m) (5-3)
From eq. (5-3), one obtains 1.68 M$ for a 2250 m borehole, which leads to
1022.47 M$ for a total of 610 holes. Compared with conventional oil-well rotary drilling,
the hot dry rock drilling method requires 65% more investment in total drilling cost. The
total repository system cost increases to 6212.52M$, and the total waste disposal cost is
increased to 9762.07 M$, or, 0.58 mills/kwhre as a levelized unit cost. Note that this
figure is the same as that for the standard MGR system.
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Table 5-10 Hot Dry Rock Actual Drilling Costs (Adapted from Table 2.3 of [T-1])
Well ID De (m) 1989 Cost (M$) 1991 Cost (M$)
GT-1 732 0.187 0.223
GT-2 2,932 4.315 5.149
EE-1 3,064 4.465 5.328
EE-2 4,660 6.827 8.147
EE-3 4,250 8.545 10.197
EE-3A 4,572 5.364 6.401
RH-11 2,175 0.921 1.099
RH-11 2,175 1.474 1.759
RH-12 2,143 0.921 1.099
RH-12 2,143 1.474 1.759
RH-15 2,652 2.192 2.616
RH-15 2,652 3.507 4.185
Geysers 1,800 0.807 0.963
Geysers 3,048 2.275 2.715
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Table 5-11 Hot Dry Rock Base Case Drilling Costs
(Data Adapted and Adjusted from Table 2.3 of [T- 1])
Well ID Depth (m) 1989 Cost (M$) 1991 Cost (M$)
Geysers 1,800 0.807 0.963
RH-12 2,143 0.921 1.099
RH-12 2,143 1.474 1.759
RH-11 2,175 0.921 1.099
RH-11 2,175 1.474 1.759
RH-15 2,652 2.192 2.616
- 3,000 2.973 3.548
Geysers 3,048 2.275 2.715
3,657 4.006 4.780
10.0
1.0
0.1
0 1000 2000 3000 4000 5000 6000
Depth (m)
Figure 5-17 Hot Dry Rock Base Case Cost Trend
(Data Adapted from Table 5-11)
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5.5 Chapter Summary
In summary, a reference deep drillhole system in granite, mainly based on
currently available technology, was described. The reference system consists of 610
boreholes drilled to a depth of 2250 m. The borehole is 20" in diameter and is separated
from adjacent holes by 96 m. A conventional rotary drilling method is used to develop
the borehole. A modified technology from the conventional drilling industry is employed
to emplace and retrieve the waste. It is envisioned that an improved technique, building
upon conventional backfilling and plugging methods could be applied in final closure of
the borehole system. Other alternatives to this reference deep drillhole system were also
investigated. The modified spent fuel concept (disassembly and reconstitution into a
better configuration) offers better flexibility in canister design, and should be further
evaluated in future work.
A preliminary cost analysis showed that a slight decrease in total system cost
compared to a mined repository was realized for the case of using conventional rotary
drilling technology. The decline is only a few percent, which is well within the likely
accuracy of our current estimates. It is expected that a better improvement can be
obtained, provided that the current deep drillhole system is optimized. On the other hand,
it was found that the HDR drilling method offers a comparable way for deep drilling in
hot dry rocks, and thus could also be employed in the deep drillhole concept. Although
the HDR drilling method requires 65% more investment in drilling cost, the overall effect
to total waste cost is only marginal. Finally, since drilling costs are only about 7 - 16% of
total waste disposal costs (16% for hot dry rock drilling, and 7 - 11% for oil-well drilling)
excluding waste preparation and transportation costs, the deep borehole approach can
probably not reduce costs sufficiently to merit selection on this basis alone - it will have
to gain acceptance based upon its other merits.
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Chapter 6 Summary, Conclusions, and Recommendations
6.1 Introduction
This chapter summarizes the work carried out for this thesis, and draws general
conclusions regarding the concept of deep drillholes for HLW disposal. Section 6.2
outlines and highlights the work and section 6.3 provides some general conclusions from
the research, with special attention to the advantages and disadvantages of the deep
drillhole concept. The final section makes several recommendations for future studies.
6.2 Summary
This thesis reevaluates in a comprehensive manner the concept of deep drillholes
for final disposal of nuclear high-level waste. The scope of these studies included a
preliminary thermal analysis, a simple but conservative radionuclide transport analysis,
and a cost evaluation. An advanced technique of hot dry rock drilling, the thermal
spallation drilling method, was also considered as a means to excavate deep drillholes for
HLW disposal. The best candidate host rock was found to be granite. A conceptual
design for a deep drillhole repository system was also proposed.
Chapter 1 summarizes an overview of the deep drillhole concept evaluations
which have been undertaken previously in the United States of America, Denmark, Italy,
and Australia. Most of the references consider the deep drillhole system for disposal of
only vitrified reprocessed high level wastes, and do not evaluate the feasibility of
retrievability. In the U.S., both vitrified high-level wastes and spent fuels were
considered, but very pessimistic conclusions were arrived at regarding retrievability and
borehole lifetime. Retrievability, but only by over-coring, was considered in Australia.
These findings provide part of the motivation for the present study. Techniques on which
these previous assessments were based now appear to be out-of-date or over-pessimistic.
More advanced deep drillhole excavation technology, such as the thermal spallation
method, may alleviate many problems associated with older oil-well drilling technology.
Downhole conditions can be better understood using advanced well logging techniques.
Finally, an enhanced appreciation for the potentially better political/public acceptance
attributes of the deep drillhole approach is a foremost reason for the present re-
assessment.
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Chapter 2 briefly investigates some features of candidate rock types for geological
disposal. The rocks being addressed included rock salt, granite, shale, tuff, and basalt.
The pros and cons for each rock type were compared in terms of thermal and mechanical
properties. Availability of host rock was also discussed. The major finding here was that
granite appears to be best suited for deep drillhole HLW disposal.
Conventional oil-well drilling techniques were also discussed in chapter 2, which
included cable-tool and rotary drilling methods. The current capability of the rotary
drilling technique was highlighted in terms of bit and casing size availability. It was
concluded that the present application is within the depth and diameter range of currently
available technology. Thermal spallation drilling for hot dry rock excavation was
described along with its potential improvements in cost and hole quality.
Chapter 3 provides a preliminary but conservative thermal analysis for a
hypothesized deep drillhole system. The thermal model involved a two-stage approach.
The HEATING-3 computer program was used to calculate the transient temperature
distribution for a unit cell of deep boreholes and to provide the boundary condition for a
conservative l-D steady-state heat conduction model. The latter was used to compute the
detailed temperature distribution inside the borehole. The far-field thermomechanical
effect was evaluated using rock surface uplift as an index. The waste was assumed to be
PWR spent fuel after 10 years decay. The host rock was assumed to be volcanic tuff
having the same areal thermal loading as for the Yucca Mountain site. The waste
package heat conduction model considers a spent fuel assembly, an alloy canister, a drill
pipe, a casing, and three separate air layers. The internals of the canister are filled with
SiC particles to protect the canister against crushing. The effect of these SiC particles on
the heat transfer capability of the canister was also surveyed and compared with that for
an inert fill-gas. Overall system thermal performance was found to be as good or better
than that projected for the Yucca Mountain mined repository.
Chapter 4 assesses the problem of radionuclide transport for the deep drillhole
concept. Groundwater travel time and total cumulative release of radionuclide were
estimated using simple but conservative models. The driving head for groundwater
transport was assumed to be the upward buoyancy gradient due to the thermal expansion
of water. Two simple models were used to calculate the cumulative release for
radionuclide transport in the groundwater flowing through either interstitial pores or a
fracture in the host medium. The first model solved the 1-D radionuclide transport
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equation for interstitial flows, assuming no decay precursors and considering the
hydrodynamic dispersion effect. The second model neglected the horizontal advective
groundwater velocity and assumed that radionuclide transport was dominated in the
vertical direction by upward buoyant convection flow along a vertical fracture. In the
horizontal direction, the dominant mechanism of radionuclide transport was assumed to
be matrix diffusion. The results were compared with those for the Yucca Mountain site
and checked against the NRC limits. Sensitivity studies on the fracture flow model were
performed and probable release scenarios for a deep borehole system were proposed. It is
concluded that the deep drillhole concept should be capable of matching or exceeding
mined repository performance criteria.
Chapter 4 also discusses the issues of geophysical logging for a deep borehole
system. Applications of well logging to measure performance-determining parameters
such as rock porosity using different techniques were identified. The importance of these
subsurface measurements in siting a deep borehole system was also pointed out. It is
concluded that modem logging methods should permit acquisition of adequate site
qualification data without direct human access to the point of disposal.
Chapter 5 provides a description of a conceptual deep drillhole system which is a
modified version of the design presented in [W- 1]. The description covers host rock,
surface facilities, waste package and system capacity, waste transportation, and
emplacement facility and borehole. Waste emplacement procedures are described.
Retrievability and permanent closure are briefly discussed. Additionally, some
alternatives for the proposed deep drillhole system were investigated, including geologic
media, drilling techniques, drillhole types, waste emplacement methods, drillhole status
during emplacement, waste package configuration, and site classification. It is concluded
that considerable latitude exists for potential avenues to improvement of the conceptual
design.
A simple and preliminary cost analysis was also performed, focusing on the cost
for boreholes. The costs were evaluated based on conventional rotary oil-well drilling
costs and hard dry rock geothermal well costs. The effect of hole size was neglected,
whereas the effect of rock type was incorporated into the evaluation. The results were
compared to those for the Yucca Mountain site as well as inter-compared for rock types
and drilling methods. This first-order non-optimized assessment showed that costs
should be comparable to excavation costs for a mined repository, and that while
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additional savings can be projected, this cost component is not a sufficiently large
fraction of total HLW disposal costs to make borehole cost the dominant factor in
concept selection.
6.3 Conclusions
General conclusions drawn from the present studies for the deep drillhole concept
for HLW disposal are reiterated, as follows:
1. Granite is the best host rock for the deep drillhole (DH) system due to its
strong mechanical stability and homogeneity. However, its application to other
suitable rock formations should not be excluded, especially if the criterion of
retrievability can be relaxed.
2. Both conventional oil-well drilling and advanced thermal spallation drilling
methods can be employed to excavate deep boreholes for disposal. The thermal
spallation method is more suitable for hard dry rock such as granite than the
rotary drilling method, due to its savings in well costs. In any event, borehole
costs do not dominate concept selection.
3. A vertical borehole design provides greater simplicity and
emplacement/retrieval reliability in actual implementation of a DH system, as
opposed to more sophisticated multi-well horizontal drilling schemes which might
reduce drilling costs.
4. The dry hole concept appears to be a feasible concept, but borehole depth is
probably restricted to less than about 3 km in order to maintain hole wall stability.
This is, however, quite adequate for HLW repository applications.
5. Loading the wastes into a drill pipe appears to be a reliable approach for waste
emplacement/retrieval.
6. Well logging plays an important role in siting a candidate DH, and can
provide useful geophysical and geochemical parameters for site qualification.
- - - • . .. ... . .
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7. The concept of using solid particles as a fill material in the waste canister
appears to be an acceptable means to add to the crush resistance of the canister.
The reference particle material selected in the present work is SiC, but the
application of other materials should not be excluded.
8. The DH concept offers several advantages which include:
(1) A better thermal margin than a mined geologic repository (MGR) such as
the Yucca Mountain site;
(2) A potentially better host environment for radionuclide retention than an
MGR;
(3) A lower probability of future human intrusion than an MGR;
(4) Comparable total waste disposal cost, which can be easily offset by other
merits;
(5) Flexibility in site selection and configuration;
(6) Avoidance of the large up-front cost and high economic risk associated
with a centralized MGR because of the better suitability of the DH concept for
incremental, dispersed implementation;
(7) Greater universal applicability worldwide and access to better geology;
(8) Potentially better public/political acceptance.
9. Some disadvantages currently associated with the DH concept are:
(1) Uncertainty of the efficacy of current technology for post-emplacement
retrieval operations;
(2) Uncertain impact of accidents involving stuck canisters during
emplacement/retrieval.
6.4 Recommendations for Future Work
Based upon the reviews and analyses of the subject research, several
recommendations can be proposed as follow:
1. The issues of retrievability and borehole stability should be investigated more
comprehensively. At present this must be cited as the most telling shortcoming
advanced by critics of the DH approach. Alternatively, a convincing case must be
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made for abandonment of the retrievability requirement.
2. Radionuclide release and escape scenarios should be further analyzed using
more rigorous models, with particular attention to borehole seal plug failure
mechanisms. Studies based on probabilistic methods should be made.
3. The cost analysis should be refined, emphasizing the development of more
suitable cost data on hard dry rock drilling. Variations on the conceptual design
should be carried out to optimize both performance and cost. In particular, fuel
assembly reconstitution should be evaluated, since this could nearly double the
loading per canister.
4. More explicit concept-specific safety criteria/limits for design and analysis
should be established, especially for the far-field thermomechanical effect, instead
of uncritical application of thinking centered on mined repositories.
5. The effect of fill particles on the heat transfer capability in the waste canister
should be measured in a more geometrically accurate mockup, and the efficacy of
the bed in improving crush resistance evaluated, also by experiment.
6. A more rigorous thermal analysis should be carried out for the deep drillhole
concept.
CI ._ r-. .- C __
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Appendix A Sample Problem Using HEATING-3 for Near Field Thermal Analysis
A-1 Initial Temperature Data
The computer printouts which follow show an initial temperature data file for a
HEATING-3 transient calculation. The first record is a title description. The rest of the
data are in terms of node number-temperature pairs; for example, the first pair of the
second record, "1 1.490E+01" represents 14.9 OC at node number 1. These values were
generated using an assumed geothermal gradient of 0.037 OC per meter and a constant
ground surface temperature of 14.9 OC.
NEAR FIELD R-Z MODEL
1 1.490E+01 2
6 1.490E+01 7
11 2.877E+01 12
16 2.8781+01 17
21 4.265E+01 22
26 4.265E+01 27
31 5.190E+01 32
36 5.190E+01 37
41 5.961E+01 42
46 5.961E+01 47
51 6.732E+01 52
56 6.732E+01 57
61 7.503E+01 62
66 7.503E+01 67
71 8.273E+01 72
76 8.273E+01 77
81 9.044E+01 82
86 9.044E+01 87
91 9.815E+01 92
96 9.815E+01 97
101 1.074E+02 102
106 1.074E+02 107
111 1.213E+02 112
116 1.2131+02 117
121 1.351E+02 122
126 1.351E+02 127
FOR INITIAL STEADY STATE
1.490E+01 3 1.490E+01
1.490E+01 8 1.490E+01
2.877E+01 13 2.877E+01
2.878E+01 18 2.878E+01
4.265E+01 23 4.265E+01
4.265E+01 28 4.265E+01
5.190E+01 33 5.190E+01
5.190E+01 38 5.190E+01
5.961E+01 43 5.961E+01
5.961E+01 48 5.961E+01
6.732E+01 53 6.732E+01
6.732E+01 58 6.732E+01
7.503E+01 63 7.503E+01
7.503E+01 68 7.503E+01
8.273E+01 73 8.273E+01
8.273E+01 78 8.273E+01
9.044E+01 83 9.044E+01
9.044E+01 88 9.044E+01
9.815E+01 93 9.815E+01
9.815E+01 98 9.815E+01
1.074E+02 103 1.074E+02
1.074E+02 108 1.074E+02
1.213E+02 113 1.213E+02
1.2131+02 118 1.213E+02
1.351E+02 123 1.351E+02
1.351E+02 128 1.351E+02
CONDITION
4 1.490E+01
9 1.490E+01
14 2.878E+01
19 2.878E+01
24 4.265E+01
29 4.265E+01
34 5.190E+01
39 5.190E+01
44 5.961E+01
49 5.961E+01
54 6.732E+01
59 6.732E+01
64 7.503E+01
69 7.503E+01
74 8.273E+01
79 8.273E+01
84 9.044E+01
89 9.044E+01
94 9.815E+01
99 9.815E+01"
104 1.074E+02
109 1.074E+02
114 1.213E+02
119 1.213E+02
124 1.351E+02
129 1.351E+02
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
115
120
125
130
1.490E+01
1.490E+01
2.877E+01
2.878E+01
4.265E+01
4.265E+01
5.190E+01
5.190E+01
5.961E+01
5.961E+01
6.732E+01
6.732E+01
7.503E+01
7.503E+01
8.273E+01
8.273E+01
9.044E+01
9.044E+01
9.815E+01
9.815E+01
1.074E+02
1.074E+02
1.213E+02
1.213E+02
1. 351E+02
1. 351E+02
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A-2 Input Data
The following printouts show an input file for a HEATING-3 transient
calculation. A complete HEATING-3 transient calculation can be performed using both
this input file and the initial temperature file as presented in section A-1. The rightmost
keywords for each record refer to entries in the HEATING-3 manual.
NEAR FIELD R-Z MODEL FOR TRANSIENT CALCULATION THROUGH
3
6
-1
0.00001
1
0
2
0
3
0
4
0
5
0
6
0
1
1
1
3.0
7.0
20.0
500.0
5000.0
75000.0
1
0.0
2
0.0
0.0
1
0.0
2
1.0
9.0
100.0
10000.0
1
7
0
0.01
0.0
0
0.2540
0
0.0
1 0
1 0.2540
0 0
1 0.0
0 0
1 0.2540
0 0
TUFF 50457600.
25
1.397E10
1.237E10
1.029E10
0.126E10
2.281E08
0.300E08
2
0.0
1
0.0
0.2540
1
750.0
1
2.0
10.0
250.0
15000.0
0.0
4.0
8.0
50.0
750.0
10000.0
100000.0
14.9
0.0
0.0
1.2540
3
1000.0
3
3.0
15.0
500.0
20000.0
0 0
2 130
0 0
0.0
0.2540
0
54.0
0
0.2540
689.0
1.0
5.0
9.0
100.0
1000.0
25000.0
0
54.0
0
0.2540
0
54.0
0
2244.0
1.614E10
1.347E10
1.209E10
0.627E10
9.368E08
1.359E08
0.242E08
0.0 0.0
0.0 1866931.
10.2540 20.2540
2 3
1625.0 2250.0
3 1
4.0 5.0
20.0 30.0
750.0 1000.0
25000.0 30000.0
50,000 YRS
1
0
1
0
31
50000.0
1
2
3
4
5
R1
R2
R1
R2
R1
R2
R1
R2
R1
R2
R1
R2
M
G
T-1
T-2
T-3
T-4
T-5
T-6
T-7
B1
B2
B1
B2
LR
NR
LZ
NZ
01
02
03
04
0.0
1
0.0
1
1000.0
0
1000.0
0
2250.0
0
2250.0
0
2.0
6.0
10.0
250.0
2500.0
50000.0
3250.0
7.0
50.0
5000.0
50000.0
1000.0
0
1000.0
0
2250.0
0
2250.0
0
3250.0
2
3250.0
2
1.456E10
1.269E10
1.163E10
0.209E10
3.828E08
0.407E08
8.0
75.0
7500.0
1.527E10
1.305E10
1.185E10
0.398E10
7.571E08
0.684E08
2500.0
2
6.0
40.0
2500.0
40000.0
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A-3 Output Data
The following printouts are only parts of the complete output of a HEATING-3
calculation using the initial temperature and input data as presented in sections A-1 and
A-2.
1 THE HEATING CODE WITH TEMPERATURE-DEPENDENT THERMAL PROPERTIES AND
0 NON-LINEAR AND SURFACE-TO-SURFACE BOUNDARY CONDITIONS.
0 THIS VERSION OF HEATING CAN HANDLE A MAXIMUM OF 1000 LATTICE POINTS.
0 INPUT RETURN
0 JOB DESCRIPTION-- NEAR FIELD R-Z MODEL FOR TRANSIENT CALCULATION THROUGH 50,000 YRS
0 GECOMETRY TYPE NO. 3
0 NUMBER OF REGIONS 6
0 NUMBER OF MATERIALS 1
0 NUMBER OF INITIAL TEMPERATURE FUNCTIONS 0
0 NUMBER OF GENERAL POSITION DEPENDENT FUNCTIONS 0
0 NUMBER OF HEAT GENERATION FUNCTIONS 1
0 NUMBER OF TIME DEPENDENT FUNCTIONS 1
0 TYPE OF OUTPUT DESIRED 0
0 NUMBER OF POINTS IN GROSS X OR R LATTICE 6
0 NUMBER OF POINTS IN GROSS Y OR THETA LATTICE 0
0 NUMBER OF POINTS IN GROSS Z LATTICE 7
0 NUMBER OF DIFFERENT KINDS OF BOUNDARIES 2
0 NUMBER OF LATTICE POINTS FOR WHICH THE INITIAL TEMPS ARE ENTERED 130
0 PROBLEM TYPE NUMBER -1
0 MAXIMUM NUMBER OF STEADY-STATE ITERATIONS 500
0 NUMBER OF S-S ITERATIONS BEFORE CALC BETA 0
0 NUMBER OF S-S ITERATIONS BEFORE EXTRAPOLATION 0
0 NUMBER OF DELTATS PER MONITOR PRINT 0
0 NUMBER OF TRANSIENT PRINTOUTS SPECIFIED 6
0 THE CONDUCTIVITY, DENSITY, AND HEAT CAPACITY ARE INDEPENDENT OF TIEMP.
0 CONVERGENCE CRITERION 1.0000000D-05
0 INITIAL BETA 1.90000000
0 TIME INCREMENT 1.0000000D-02
0 NO. OF STABLE TIME STEPS UNTIL MODIFIED EXPLICIT METHOD IS ACTIVAk
0 INITIAL TIME 0.0000000D+00
0 FINAL TIME 1.0000000D+01
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SUMMARY OF REGION DATA
-------- BOUNDARY NUMBERS --------
LF-X RT-X LO-Y UP-Y RR-Z FT-Z
IN-R OT-R LF-O RT-O
0 0 0 0 1 0
0 0 0 0 1 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 2
6 1 0 0 0 0 0 0 0 2
**************************** DIMENSIONS *****************************
REG. LEFT-X-OR RIGHT-X-OR LOWER-Y-OR UPPER-Y-OR REAR-Z F
INNER-R OUTER-R LEFT-THETA RIGHT-THETA
.0000 .2540 .0000 .0000 .0000 1000
.0000
.0000
.0000
RONT-Z
0000
.0000 .0000 1000.0000
.0000 1000.0000 2250.0000
.0000 1000.0000 2250.0000
.0000 .2540 .0000 .0000 2250.
.2540 54.0000 .0000 .0000 2250.(
MATERIAL DESCRIPTION DATA
CONDUCTIVITY AS A FUNCTION OF TEMPERATURE.
MATERIAL MATERIAL NUMBER TEMPERATURE
NUMBER NAME
1 TUFF 1 0.00000E+00
DENSITY AS A FUNCTION OF TEMPERATURE.
MATERIAL MATERIAL NUMBER TEMPERATURE
NUMBER NAME
1 TUFF 1 0.00000E+00
HEAT CAPACITY AS A FUNCTION OF TEMPERATURE.
MATERIAL MATERIAL NUMBER TEMPERATURE
NUMBER NAME
1 TUFF 1 0.00000E+00
HEAT GENERATION FUNCTION DATA
0000 3250.0000
0000 3250.0000
K
5.04576E+07
RBO
2.24400E+03
C SUB P
6.89000E+02
TIME DEPENDENT FUNCTION DATA
1 25
3.00D+00 1.40D+10
7.00D+00 1.24D+10
2.00D+01 1.03D+10
5.00D+02 1.26D+09
5.00D+03 2.28D+08
7.50D+04 3.00D'+07
BOUNDARY
1 2 1.49D+01 0
2 1 0.00D+00 0
0.00D+00
4.00D+00
8.00D+00
5.00D+01
7.50D+02
1.00D+04
1.00D+05
DATA
0.00D+00
0.00D+00
1.61D+10
1.35D+10
1.21D+10
6.27D+09
9.37D+08
1.36D+08
2.42D+07
1.00D+00
5.00D+00
9.00D+00
1.00D+02
1.00D+03
2.50D+04
1.53D+10
1. 31D+10
1.19D+10
3.98D+09
7.57D+08
6.84D+07
2.00D+00
6.00D+00
1.00D+01
2.50D+02
2.50D+03
5.00D+04
0.00D+00 0.00D+00 0.00D+00 0.00D+00
0.00D+00 0.00D+00 0.00D+00 1.87D+06
GROSS LATTICES AND NUMBERS OF INCREMENTS
R OR X
.0000 .2540 1.254 10.25 20.25 54.00
1 1 3 2 3
.0000 750.0 1000. 1625. 2250. 2500.
2 1 3 3
1 FINE LATTICE, X OR R, Y OR THETA, AND Z
2 .254
7 15.3
3 1.25
8 20.3
1
4 4.25
9 31.5
5 7.25
10 42.8
1 .000 2 375. 3 750.
6 .142E+04 7 .163E+04 8 .183E+04
11 .250E+04 12 .288E+04 13 .325E+04
POINTERS CALCULATED FOR USE WITH REAL*8 CORE AND
INTEGER*2 ICORE---
ALL POINTS AFTER 11001 ARE FOR INTEGER *2 SPACE
4 .100E+04 5 .121E+04
9 .204E+04 10 .225E+04
1 1001 2001 3001 4001 5001 11001 52001 58001 59001 60001 61001
62001 63001 64001 65001 66001 67001 68001 69001 70001 71001 72001 78001
NUMBERS AND
REG. MATL
NO. NO.
1 1
2 1
3 1
4 1
5 1
FCN NUMBER
INIT BEAT
TEMP GEN.
0 0
o 0
0 1
0 0
0 0
.2540
.0000
.2540
54.0000
.2540
54.0000
1. 46D+10
1.27D+10
1.16D+10
2.09D+09
3.83D+08
4.07D+07
3250.
2
6 10.3
11 54.0
1 THE STABILITY CRITERION IS 1.1551790D-02 FOR POINT 81
0 THE INPUT TIME INCREMENT SATISFIES THE STABILITY CRITERION.
1 RESULTS FROM TRANSIENT CALCULATIONS
TIME = 0.00000D+00
0 LATTICE POINT TEMPERATURES
POINT INDICIES POINT
NO. I J K T•MPERATURE
2 1 1
3 1 1
4 1 1
5 1 1
6 1 1
9 1 1
10 1 1
11 1 1
2 1 2
3 1 2
4 1 2
5 1 2
6 1 2
7 1 2
8 1 2
9 1 2
10 1 2
11 1 2
2 1 3
3 1 3
4 1 3
5 1 3
6 1 3
7 1 3
8 1 3
9 1 3
10 1 3
11 1 3
2 1 4
3 1 4
4 1 4
5 1 4
6 1 4
7 1 4
8 1 4
9 1 4
10 1 4
11 1 4
2 1 5
3 1 5
4 1 5
5 1 5
6 1 5
7 1 5
8 1 5
9 1 5
10 1 5
11 1 5
2 1 6
3 1 6
4 1 6
5 1 6
6 1 6
7 1 6
8 1 B
9 1 6
10 1 a
11 1 6
2 1 7
3 1 7
4 1 7
5 1 7
6 1 7
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
28.77000
28.77000
28.77000
28.78000
28.77000
28.78000
28.78000
28.78000
28.78000
28.78000
42.65000
42.65000
42.65000
42.65000
42.65000
42.65000
42.65000
42.65000
42.65000
42.65000
51.90000
51.90000
51.90000
51.90000
51.90000
51.90000
51.90000
51.90000
51.90000
51.90000
59.61000
59.61000
59.61000
59.61000
59.61000
59.61000
59.61000
59.61000
59.61000
59.61000
67.32000
67.32000
67.32000
67.32000
67.32000
67.32000
67.32000
67.32000
67.32000
67.32000
75.03000
75.03000
75.03000
75.03000
75.03000
TIME STEPS COMPLETED =
LATTICE POINT TEMPERATURES
POINT
NO.
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
INDICIES
I J K
2 1 11
3 1 11
4 1 11
5 1 11
6 1 11
7 1 11
8 1 11
9 1 11
10 1 11
11 1 11
2 1 12
3 1 12
4 1 12
5 1 12
6 1 12
7 1 12
8 1 12
9 1 12
10 1 12
11 1 12
2 1 13
3 1 13
4 1 13
5 1 13
6 1 13
7 1 13
8 1 13
9 1 13
10 1 13
11 1 13
POINT
TEMPERATURE
107.40000
107.40000
107.40000
107.40000
107.40000
107.40000
107.40000
107.40000
107.40000
107.40000
121.30000
121.30000
121.30000
121.30000
121.30000
121.30000
121.30000
121.30000
121.30000
121.30000
135.10000
135.10000
135.10000
135.10000
135.10000
135.10000
135.10000
135.10000
135.10000
135.10000
226
1
227
RESULTS FROM TRANSIENT CALCULATIONS
TIME = 1.00000D+01
0 LATTICE POINT TFIPERATURES
POINT INDICIES POINT
NO. I J K TEMPERATURE
2 1 1
3 1 1
4 1 1
5 1 1
6 1 1
7 1 1
8 1 1
9 1 1
10 1 1
11 1 1
2 1 2
3 1 2
4 1 2
5 1 2
6 1 2
7 1 2
8 1 2
9 1 2
10 1 2
11 1 2
2 1 3
3 1 3
4 1 3
5 1 3
6 1 3
7 1 3
8 1 3
9 1 3
10 1 3
11 1 3
2 1 4
3 1 4
4 1 4
5 1 4
6 1 4
7 1 4
8 1 4
9 1 4
10 1 4
11 1 4
2 1 5
3 1 5
4 1 5
5 1 5
6 1 5
7 1 5
8 1 5
9 1 5
10 1 5
11 1 5
2 1 6
3 1 6
4 1 6
5 1 6
6 1 6
7 1 6
8 1 6
9 1 6
10 1 6
11 1 6
2 1 7
3 1 7
4 1 7
5 1 7
6 1 7
7 1 7
8 1 7
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
14.90000
28.77912
28.77912
28.77913
28.77915
28.77918
28.77925
28.77933
28.77954
28.77970
28.77975
42.65806
42.65799
42.65752
42.65689
42.65618
42.65493
42.65379
42.65181
42.65083
42.65056
66.60070
62.11741
58.43466
56.68530
55.55711
54.32371
53.51713
52.55198
52.16743
52.07073
91.92364
82.06063
73.96021
70.11381
67.63428
64.92512
63.15459
61.03813
60.19548
59.98367
99.65092
89.78778
81.68634
77.83859
75.35751
72.64567
70.87269
68.75197
67.90724
67.69485
107.36088
97.49774
89.39630
85.54854
83.06747
80.35562
78.58264
TIME STEPS COMPLETED = 1000
LATTICE POINT TEMPERATURES
POINT
NO.
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
INDICIES
I J K
2 1 11
3 1 11
4 1 11
5 1 11
6 1 11
7 1 11
8 1 11
9 1 11
10 1 11
11 1 11
2 1 12
3 1 12
4 1 12
5 1 12
6 1 12
7 1 12
8 1 12
9 1 12
10 1 12
11 1 12
2 1 13
3 1 13
4 1 13
5 1 13
6 1 13
7 1 13
8 1 13
9 1 13
10 1 13
11 1 13
POINT
TEMPERATURE
107.40811
107.40805
107.40758
107.40695
107.40623
107.40498
107.40384
107.40186
107.40089
107.40062
121.29977
121.29977
121.29977
121.29977
121.29977
121.29977
121.29977
121.29977
121.29977
121.29977
135.10035
135.10035
135.10035
135.10035
135.10035
135.10035
135.10035
135.10035
135.10035
135.10035
ZO-o00000000"i = (- vQau) dais 2 ami X3]o 0
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000006"VI 1
"HaIALIVHJJG1 ~9WIM XWUM]• flO 0
S3IHVUMOS a3mWIm" vO sia Va~IdV•im, 0
0001 = a3laldTI3 SJ31S 3WI£ D10+O00000"1 2m i
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Appendix B Measurement of Effective Thermal Conductivity of SiC Particle Bed
A simple apparatus was assembled and employed to measure the effective thermal
conductivity of some particle beds of interest. Figure B-1 shows the device: a bundle of
six rod-type electric heaters clustered around a thermocouple well, at the center of a
cylindrical container. The particle bed under test is poured into the annular gap, and the
steady-state temperature difference measured between the surface of the heaters and the
outer surface of the container.
The effective thermal conductivity of the bed is computed from the following
solution to the one-dimensional conduction equation in cylindrical geometry:
kb = q Ilnd2 , Btu/hr ftoF, (B-1)
2fiAT d,
where,
q' = linear power rating of heater bundle; measured (from voltage and resistance
under load) to be 397 Btu/hr ft for the present design,
AT = measured temperature difference, OF, between thermocouple in central well
and surface thermocouple probe,
d2 = diameter of bed (3.875 inches),
dl = effective diameter of heater cluster (1.094 inches) :
rubber band perimeter / 7t.
The first set of measurements was carried out using copper shot (irregular
spheroidal droplets having an average diameter of approximately 1 mm). The measured
AT = 355 - 110 = 245 OF, from which
kb = 0.33 Btu/hr ft oF.
This may be compared with the correlation [1]:
kb 4 In ( - 11, (B-2)
kg kg
where,
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kg = thermal conductivity of fill gas; air in this case, ~ 0.018 Btu/hr ft oF,
kp = thermal conductivity of particle material; copper in this case,
- 220 Btu/hr ft OF.
Hence, Eq. (B-2) predicts kb = 0.48 Btu/hr ft oF.
The measured value is lower than that predicted by the correlation. Several
reasons are suggested:
(a) the value is sensitive to bed packing fraction; the measured value for the shot
used in the subject experiment was 57%, which is close to the 60% usually quoted for
random arrays of spheres;
(b) the k for pure copper was used, whereas the present material is commercial
grade, and not annealed;
(c) the presence of a surface oxide film is not accounted for.
Nevertheless, the use of a bed in lieu of air alone is seen to increase the conductivity by
more than a factor of ten.
To test materials having a substantially lower thermal conductivity than Cu, it is
preferable to use only three (every other one) of the heaters, to avoid excessive
temperatures. This strategy was tested using the Cu bed; the measured AT = 137 OF at a
q' = 197 Btu/hr ft, which yields kb = 0.29 Btu/hr ft OF, in good agreement with the result
obtained using the 6 heater mode, considering the estimated overall uncertainty in the
experiment (± 10%). In addition, a slightly lower value is expected for the 3-heater
mode, since the lower AT reduces the contribution due to convection of air within the
porous bed.
Next tested was a bed of SiC particles (No.16 grit commercial abrasive, - 1 mm
dia.; 55% packing). The thermal conductivity for this material appears to be quite
variable, and a function of purity and crystal density. Using a suggested value of kp = 24
Btu/hr ft OF, one finds a predicted (Eq. (B-2)) kb = 0.32 Btu/hr ft OF. The measured AT =
214 OF at q' = 197 Btu/hr ft, which yields kb = 0.19 Btu/hr ft OF. This value, compared to
the theoretical estimate of 0.32 Btu//hr ft OF, is - 60% less than the equation predicts (the
same proportional reduction as in the measurement using Cu shot). The SiC bed value is
0
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almost exactly 10 times that of air, and hence represents a very worthwhile improvement.
However, as noted in the main text, introduction of a particle bed essentially eliminates
heat transfer by radiation, and thus the main advantage of the SiC particle bed is that it
improves crush resistance with no net reduction in the ability to remove thermal energy
from the encapsulated fuel assembly.
The SiC particles tested were examined under magnification. They appeared to
be produced by fracture of large crystalline entities, and were irregular in shape, with
flattened surfaces and rounder corners. The material in question was industrial grade
abrasive material of no particular pedigree.
[1] G.K. Batchelor, et al., "Thermal or Electrical Conduction Through a Granular
Material," Proc. Royal Society of London, Vol.355, No.1682, 1977.
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(Not to Scale)
Notes:
(1) Representative time interval to reach and confirm steady state = 1.5 + 0.5 = 2 hours
(2) 3 heater version (every other heater) can be used for materials having low thermal
conductivity
Figure B-I Apparatus for Measurement of Bed Thermal Conductivity
_ _I
--~rY --
